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ABSTACT 
he influence of induction heating on the rate of diffusion of 
chroium into iron at 1000 ° to 1200 ° C was investigated. 
levels, namely, 0.5 and 2.0 Mes were usedo 
Two frequency 
Diffusion was effected either by direct contact of chromium metal 
with the iron surface (solid/solid method) or by reaction of chromium bromide 
vapour on the specimen's surface at processing temperature (gas/solid method). 
Hesults indicate that, within the experimental conditios adopted 
in this work, the rate of diffusion of chromium into iron is increased 
whenever induction heating is used. 
In general, this increase is not accompanied by a change in the 
activation energy of the process as compared to control specimens heated 
in the absence of an electromagnetic induction fieldo 
It is suggested that induction heating can prouce cyclic thermal 
stresses which, within a broad frequency band around 1 Mes, may enhance the 
formation of vacancies from dislocation jogs or other crystal defects. 
This would result in n increased diffusion rate but should have little 
influence on the energy of activation of the substitutional diffusion 
process. 
,, 
In some cases, at the higher frequency level and for gas/solid 
experiments, abnormal surface effects are observed in addition to the 
increased diffusion rate. The apparent activation energy of the ､ｩｦｦｵｳｩｯｾ＠
process decreases with time. This effect is attributed to the formation 
of a steep temperature gradient due to intense induced current concentration 
near the surface of the specimen within the diffusion zone. 
There is no indication that induction heating "per se" has any 
influence on the kinetics of the deposition of chromium from chromium 
bromide vapour. The observed increases in chromium uptake can be related 
directly to the efficient removal of chromium at the s ·pecimen' s surface due 
to a more rapid diffusion processo 
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1. INTRODUCTION 
The heating of metals or alloys by means of a high-frequency 
electro-magnetic field .. is now a well-established industrial practice and 
is applied on an increasing scale for the purpose of melting, heat-treatment 
or surface hardening of a large variety of materials. 
In general, high-frequency induction heating is regarded as an 
efficient and often convenient technique to impart thennal energy to a 
conducting body and as such, it is deemed to be in no way different from 
other means of heating in its effects on the metallurgical processes which 
control the structure of the material during the thermal cycle. 
Yet, there have been ｮｵｭ･ｲｾｵｳ＠ observations which indicate that 
high-frequency induction may well have an influence on the nature or 
kinetics of various transport mechanisms in conducting solids. Thus, some 
solution processes such as are met in the heat-treatment of "high-speedu 
steels appear to be affected by induction heating. Recrystallisation of 
heavily cold-worked metals is considerably speeded up, and, more recently, 
increased diffusion rates have been reported in several instances of 
diffusion from the surface of one metal into.another. 
Various explanations have been advru1ced to account for these 
effects: e.g. the unusually high rate of heating, the difficulty to 
measure temperature with accuracy and, in consequence, the possible error 
in evaluating reaction rates. 
\tVhilst these explanations may be correct in some instances, 
there are many cases where they can hardly be regarded as satisfactory. 
The object of this research is a:.l attempt to establish in a specific 
ｩｮｳｴｲｵｾ｣･Ｌ＠ diffusion of chromium into iron, the contribution of induction 
heating "per se" to the diffusion process and to discuss the significance 
of the observed results from a theoretical standpoint. 
16. 
2. ｾｕｓｉｏｎ＠ -
A General Review. 
2.1. GENERAL CONSIDERATIONS 
In the study of crystalline solids the process of diffusion is 
of special importance. Diffusion is the rate determining factor for many 
transformations in the solid state. In the case of metals and alloys it 
controls such mechanisms as homogenisation, recrystallisation, 
malleablising. of cast iron, precipitation in age-hardening or ｴ･ｭｰ･ｲｩｾｧ＠ of 
alloys, sintering of metal powders, oxidation, and numerous methods of 
surface protection or coatings. 
In its most general form, diffusion may be defined as that 
process by which the distribution of each component in any .phase tends to 
become uniform. In any system the atoms, ions and molecules are in 
constant motion. In gas or liquid phases the available space for motion 
of individual atoms or molecules is rela·ti vely large and it is easy to 
visualise how initial differences in concentration of any one component of 
a system will lead to an eventual constant distribution by random movement. 
In the solid state, however, the distance between neighbouring atoms or ions 
is very small (of the order of 3-5 angstrcms) and the movement is mainly 
restricted to vibrations centred on each lattice point. The frequency of 
lattice vibrations in metals is nearly independent of temperature and is of 
the order of 1013 c.p.s. Small variations in this average frequency are 
due to differences in atomic mass or in the strength of bondingo The 
amplitude of vibrations, however, and hence the average kinetic energy of 
the vibrating atomslis a measure of the temperatureo As a consequence, 
when the temperature is increased and the kinetic energy is larger, there 
is a greater probability of an atom acquiring temporarily sufficient energy 
to be displaced from its original lattice site. 
If v.Je consider the diffusion of atoms of ai'1 element B in the 
solid lattice of another element A, two principal mechanisms are possible. 
If the atoms to be diffused have very small radii, it is possible for them 
to fit within the lattice in interstitial positionso When the atomic 
radii of solute and solvent are of the same order, a substitution process 
must operate. Although in some instances diffusion mechanisms could be 
explained on the assumption that crystalline lattices are perfect, such a 
condition would impose severe restrictions on the mobility of individual 
atoms and would call for relatively large energy requirements. In fact, 
modern theory shows that at any temperature there exists in equilibrium a 
large number of lattice defects. These may tru{e the form of interstitial 
atoms, i.e" atoms away from their normal lattice sites and fitting 
interstitially in other positions (Frenkel defect) 7 or merely unoccupied 
lattice sites, termed vacant sites or vacancies (Schottky defect). In 
metals it is generally accepted that vacant sites are by far the more 
frequent defect. This is a consequence of the close packed structure of 
the metallic lattice and the interstitial defects are only likely when the 
18. 
interatomic spacing is large compared ¥dth the ionic radius, as in the 
case of the alkali metals. 
It is possible to calculate the number of vacant sites in 
equilibrium in a crystal at a given ｴｾｭｰ･ｲ｡ｴｴｾ･Ｎ＠ If we assume that the 
formation of vacant sites does not materially alter the lattice constants 
or the frequency of atomic vibrations, we obtain an expression of the form 
n 
= e - w •••••••••• (1) 
-kT ·N + n 
where N represents the total number of atom sites; n the number of defects; 
w the energy required for one defect; k Boltzmann constant and T the 
absolute temperature. If we further assume that n is small compared to N, 
we can write 
n 
1r 
- w e 
kir 
where Nq 
w 
］ｾ＠ e RT ,where W = Rw = Now • • • • • • • • • • ( 2) 
k 
= Avogadro's Numbero 
The exponential form of expression (2) implies that the number 
of vacant sites rises rapidly with increasing temperature ｾｮ､＠ so does the 
rate of atomic motion in the lattice. An early computation of the 
magnitude of n ｷｾｳ＠ made by Huntington and Seitz(l). For copper at 1000°K 
n -s the ratio /N is of the order 10 ｾＮ＠ For a crystal of mass equal to one 
atom-g1·ara this corresponds to 6 x 1018 vacant sites. 
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2.20 I'-'lECHANISM OF DIFFUSION. 
Although from a thermodynamic point of view it is more correct 
to regard differences in chemical potential as the driving force for the 
diffusion process, it is often convenient, and generally adequate, to 
consider only concentration gradient. 
The basic mechanism of diffusion can best be derived from the 
ttrandom waJk" approach. Consider a bar of an alloy of metals A a1d B, 
along which there is a concertration gradient from one end to the other. 
Let us draw a cross-sectional plane normal to the axis of concentration. 
There will be a higher concentration of A atoms on one side of the plane 
than on the other. Although individual movements of atoms are random, 
more A atoms will cross the plane in the direction of less A concentration 
than in the reverse direction, merely because more of them are available on 
the high concentration side. There will be a statistical drift leading to 
an even concentration throughout the bar. 
ｾＱ｡ｴｨ･ｭ｡ｴｩ｣｡ｬ＠ development of this argument shows that the 
permeation P through a m1it area in the direction x can be expressed as 
p de 
= - D dx 
in function of concentration c and of D1the diffusion coefficient, vrl1ich is 
.2. 
of the form (.l V where a is the interatomic distance and l) is the 
frequency (probability) of jumps per unit time along the x axis. This flow 
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equation is generally known as 'l1'ick' s Lnw11 ... The diffusion coefficient 
D represents an overall shift of atoms across the reference plane ｲｵｾ､＠ is in 
fact the resultant of two counter-current flows or. partial diffusivities 
representing respectively the movement of A atoms in one direction and of 
B atoms in the other. For the purpose of this \vork only the in terdiffusion 
coefficient D will be considered. 
The rate of change of concentratiqn_at any .point:in the medium 
can be expressed as 
ｾ｣Ｎ＠
ht • q •• 0 •• 0 • • ( 3b ) 
Simple statistical diffusion theory shows that .the relative 
probability of finding an atom at the energy perut between two equilibrium 
l:Josi tions is given approximately by the Boltzmann function 
o••••••••• (4) 
where -" t represents the activation energy in the transition. The 
probability per unit time is 
where f is the vibrational frequency of atoms in the lattice, i.e. 
approximately 1013 c.p.s. 
(5) 
For direct interchange or interstitial diffusion D = ｾ ﾷ＠ a2 
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so that 
••·••••••o• (6) 
However, t'lhen a vacancy movement is the controlling mechanism, 
it is necessary to include in the above exFression (6) a term 
representing the relative probability that the atom in question is 
adjacent to a vacant site. This probability will be approximately n;N 
using the same symbols as equation (1). 
Under conditions of thermal equilibrium 
n Ｍｾ ｾＬ Ｎ＠N-:. C e ?ttf •••••••••• (7) 
where €vis the energy required to create a vacant site and C is a quantity 
of magnitude unity. In this case I 
. I 
-- (£ ..fJ' f: y) 
....,.. s...: .... 
Dv= ,_ f ·t\\ ･ｾｔ＠ ﾷ ｾ Ｎ＠ O:fC e ｩｾｔ Ｇ＠a.. tJ . •••••••••• (8) 
For most metals, we can give a2 a value of approximately lo-15 , so that, 
- e . 
P ::£:;;;.. D"".· e-.:(T <9) toll •••••••••• 
with 
and R = NCl ｜ｾ＠ \ve · can i.d-i te 
ＭＹＭｾｲ＠D ｾｾ Ｎ ｄｯ･＠ \\1 •••••••••• ( 10) 
which is the more usual form of this expression. 
The term D is usually referred to as the "frequency factor" 
0 
and the value of D should be determined primarily by the exponential term. 
However, the values of D which have been determined 
0 
experimentally may deviate considerably from the approximate figure . 
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10-2 cm2/sec. mentioned earlier. There are several reasons for the broad 
scatter of values obtained for D • In the first place, the mathematical 
0 
treatment leading to equation (lO)is only approximate. A more important 
source of error is the implied assumption that the energy of activation Q 
is independent of temperature. This assumption is by no means safe and 
experimental rGsults are often at variance with it. 
As will be shown later, a third factor must bG considered; the 
conclition of strain in the lattice. 
l\1any workers have given at ten·cion to the physical significance 
of the frequency factor D • In particular, Wert & Zener( 2 ) and Zener(3) 
0 
have attempted to relate D to fundamental physical constants of the system. 
0 
They show that the diffusion coefficient can be represented by an expression 
of the form 
(11) 
where a is a geometrical factor depending on the directions of jumps, a is 
the lattice parameter and 1C is the average time between jumps. 
Making use of Eyring's rate theory and introducing the ｯｨ｡ｾｧ･＠ of 
entropy AS 
represented as 
they conclude that the frequency factor D can be 
0 
·('········ (12) 
ｷｨ･ｲ･ｾ＠ is the number of equivalent diffusion paths and ·V 
frequency of vibration of individual atoms. 
is the 
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If most of the energy is used to strain the lattice 
A - "6H ＵＨｾ＠
Q 5 t5: -Afm' . $, (T /Tm) ........... (13) 
where tto is the value of the shear modulus at T
0 
and Tm is the temperature 
of melting. For f.c.o. metals ｾ＠ is approximately 0.55 and is of the 
order of unity for b.c.c. metals. 
If, as is probable, the frequency of vibration in the immediate 
neighbourhood of a vacant site ( V\ ) is different from the average 
atomic vibration frequency ( V ) it is possible to write 
o••••••••• {14) 
where ｾｾ＠ is the coordination number. 
2.3. EFFECTS OF STRAIN. 
Apart from the surface the mau1 sources of vacant sites are jogs 
in dislocation lines and grain boundaries. This underlines the importance 
of moving dislocations in the process of diffusion. 
Unfortunately, this aspect has not been studied to-date to the 
same ex-tent as the more readily observable effects of time and temperature. 
As a result, available references are relatively few and often unrelated. 
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(4) Buffington and Cohen report a large increase in the self-
diffusion coefficient in a iron when s·train is applied . iiuri:q.g the diffusio.n 
annee.l. 
Lee and I·.1Iaddin (5), investiga·ting self-diffusion in silyer under 
torsional strain quote considerable increases in the value of D and calculate 
that the energy of activation of the process has been reduced appreciably. 
Another and more generally known example of ·the effect of strain 
on diffusion is the phenomenon of internal friction. In :. an. early review, 
Zener (G) reported relaxation phenoinena in metals \vhich are controlled by 
diffusion. The experimental procedure cannot be described here in detail 
but it can be shown that drunping of a vibrational wave passing through a 
crystal during stress-induced diffusion \vill reach a peak \vhen the 
frequency of the wave coincides witl1 the jump frequency of the moving atomso 
This phenomenon is not limited to cases of interstitial diffusion such as 
iron-carbon or iron-nitrogen but has also been observed in substitutional 
systems such as copper/zinc where copper and zinc atoms interchange places 
as a result of a vacancy diffusion mechanism. 
Finally, recent work by Berghout(?) on self-diffusion in copper 
under elastic tension strain has shown that a strain as low as 0.11+% 
increases the self-diffusion rate by as much as 70%. Berghout attributes 
this effect to a slight decrease in the energy of activation caused by the 
distortion of the lattice. 
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2.4. ｾｆｆｅｃｔｓ＠ OF ME;CHANICAL VIBRATIONS ON ｄｉｆｆＧｕｓｾ＠
It has been known for many years that the application of 
mechaniual vibrations can alter the rate ru1d occasionally, the nature of 
physical or mechanical processes in matter in all its states. Thus, for 
instance, the compacting of metal particles for sintering can be greatly 
improved by applying mechanical vibrations of suitable frequency and 
amplitude. 
For cleaning or electro-plating a metal in a liquid medium 
higher frequencies at smaller amplitude will cause reduction of surface 
tension and will allow intimate contact of the liquid with the surface of 
the specimenD The use of ultrasonic ·transduced vibrations is no\A/ well 
established for this purpose. 
In the above examples the applied vibration is of a mechanical 
nature and it induces a response in the system which is in part controlled 
by the elastic properties of the transmitting medium. Although energy 
is required to generate the mechanical vibration and to transmit it 
through the medium this energy may be very small compared to the release 
of potential enbrgy in the system as a vJhole when phase concordance or 
resonance is reached. 
In solid metals the phenomenon of internal friction has already 
been mentioned and in this case an alternating strain at suitable 
frequencies affects diffusion mechanisms to a marked degree. 
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Mechru1ical vibrations can also be produced indirectly by 
inducing an electromagnetic alternating field in a · ｣ｯｮ､ｵ｣ｴｯｲｾ＠ In this 
case, au.d at a suitable range of frequency and field intensity, the 
vibrations are caused by localized stresses and, as a result, straint;;,::.in 
the crystalline solid. Magnetostrictive effects are an exrunple of this 
phenomenon but the effect is more often associated with indu.ction heating 
processes where defects in the metal structure, such as dislocations, low-
angle boundaries and grain boundaries form bree.ks'in the lattice and may 
produce anisotropic distribution of thermal energy on a microscopic scale. 
Thus, thermal gradients, which may be very pronounced, can develop within 
the metal structure and these, in turn, may create mechanical stresses 
which oscillate at a frequency related to that of the induction field. 
If such conditions prevail when the system is not in equilibrium, for 
instance, when concentration gradients exist in a ｴｷｯＭ｣ｯｮｾｯｮ･ｮｴ＠ diffusion 
couple, it can be seen from previous discussion that this could affect 
markedly the rate of diffusion. 
In 1932 Meyer and Eilander(B) investigated the effect of high 
frequency heating of the diffusion of nitrogen into steel. Their results 
suggest that the induced current produces acceleration in the rate of 
nitrogen diffusion. 
Mahoux(9) reported the accelerating effect of ultrasonic 
transduced vibrations 
couples. 
on the rate of diffusion for several bi-metal 
Schenk und Schmidtmann(lO) investigated the influence of 
alternating mechanical stresses on the rate of carburising and nitriding 
of iron and steel. 
L (11) vov discussed the accelerated recrystallisation of low 
carbon steels during induction heating. Cold'worked steel was completely 
recrystallised by maintaining specimens for 4-6 seconds at 730°C in a high 
frequency induction heater. This was, in part, attribu·ted to the rapid 
rate of heating which "raises the ferrite to a high temperature while 
approximately preserving the equilibrium composition found at low 
temperature". On consideration of experimental results it would appear 
that there has been an unusually large increase in the self-diffusion rate 
of alpha iron. 
(12) . (13) Samuel and Samuel and LockJ.ngton investigated the effect 
of high frequency heating on the diffusion behaviour of chromium, aluminium 
and silicon in iron and ｬｯ｜ｾ＠ carbon steel, using as a diffusion agent a medium 
which contained a powder of the metal to be diffused together with a high 
melting point halide \vhich fused at processing temperature. Most of the 
ｷｯＱｾ＠ was carried out with cryolite, a sodium aluminium fluoride, as fusible 
carrier. The induction heater operated at a frequency of .5 Mos. Part 
. (14) 
of this work was subsequently reported by Lockl.ngton who quoted examples 
of increased rates of diffusion for the formation of alloy layers of 
chromium, chromium/aluminium and aluminium on steel. There was not enough 
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reliable quantitative data to allow for a detailed discussion of the 
observed effects, but the results suggested that induction heating had a 
profound influence on the rate of diffusion within the temperature range 
950-1250°C. 
ｾｬｩｮｫｯｶｩ｣ｨ＠ and Ulybin(l5) investigated the use of fusible 
carriers for the diffusion of chromium, boron and other elements into iron 
and steel during induction heating. They reproduced some of the 
experiments quoted by Samuel and Lockington(l3) and reported increased 
rates of diffusion but did not discuss the significance of the results. 
Grdina and Gordeeva(lG), using a gas phase diffusion method 
. (17) 
substantially similar to that stud1ed by Hoar and Croom , reported a 
large increase in the diffusion rate of chromium into iron heated by 
induction at a frequency of 10 Kcs. They quoted increases of two orders 
of magnitude in the value of the interdiffusion coefficient D. \vhilst 
quoting other authors• opinions of the observed effects, they did not 
advance any explanation to account for the experimental results. 
Additional information on such topics as gas carburising by 
induction heating, high frequency treatments for increasing rates of 
transformation in cast iron, low carbon steels and alloy steels can be 
found in a large number of papers and articles published since 1954 in 
Russian scientific and technical journals. The most relevant are by 
Assonov and Shepelyakovskii(lS), Tarasov and Stetseru{o(l9), Rusin( 2o), 
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K t ( 2l) K.d. d A t f ( 22) v·d· (23) L ( 24) ｾｲｭ｡ｫｯｶＨ ＲＵ Ｉ＠uzne sov , J. J.n an s a eva , .1.\.J. J.n , vov , ..... 
and Vasilev and Polishchuk( 26 ). 
Although these papers ,contain valuable data which support the 
view that high frequency induction heating enhances rates of both inter-
stitial and substitutional diffusion in ferrous alloys, the reports ｡ｾＰ＠
essentially factuRl and few of the authors advance any theoretical 
explanation for the observed effects. 
The use of ultrasonic vibrations for the purpose of accelerating 
diffusion-controlled mechanisms in ｡ｾｬｩ､ｳ＠ has also been given much 
attention in recent years. 
Kushta and Strongin(27), studying the solidification of zinc and 
zinc alloys subjected to ultrasonic vibrations, reported that the grain ｳｩｺｾ＠
decreased as the frequency, and to some exte11t, the amplitude of vibration, 
increased. They suggested that the effect of vibrations also produced a 
refinement of sub-grains leading to an increase of hardness as measured 
on individual grains(t 
Popov, Kovtun and Amonenko( 2S) reported the refining action of 
ultrasonic vibrations on the structure of beryllium and chromium during 
an arc melting process. 
Grasben, Polyakov and Malik(29), quoted increased rates of 
sintering of copper powder by the application of ultrasonic vibrations at 
a frequency range of 20 Kcs during the thermal annealing process. 
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Pogodin,-Alekseev and Askin(30)-: investigated the effect of 
ultrasonic vibrations on diffusion processes in steel and nickel alloys 
at elevated temperatures. They reported that at frequencies of 20 Kcs 
and at temperatures of from 700-1000°C the application of ultrasound more 
than doubled the ageing rate of a Nimonic type alloy. The maximum 
ageing rate was observed at a vibration amplitude of 2 microns. 
Ermakov and Al'ftan(3l), investigating a similar alloy reported 
that ultrasound accelerated ageing by a factor of 4o-50 at 700°C and of 
15-20 at 800°C. The frequency range was from 20-26 Kcs and vibration 
amplitudes of from 5-8 microns were used. The stress induced in the 
2 
speciwene at 700°C ｶ｡ｲｾ･､＠ from 2o3 to 3o7.Kg/mm • 
Blaha and Langcneker(32 ) studied the plasticity of metal crystals 
under ultrasonic vibrations and reported that for single crystals of 
aluminium, cadmium and zinc the shear·ing stress for tensile deformation was 
considerably reduced. When the vibrations were stopped, work hardening 
set up rapidly and tbe flow stress reached eventually the Ｌｶｾｬｵ･＠ ｯ｢ｳ･ｾｶ･､＠
under normal ｣ｯｮ､ｩｴｴｯｮｳｾ＠ The authors suggested that the observed effects 
were caused by tha activation of anchored dislocationso 
2.5. DIFFUSION AT ｇｾｎ＠ BOUNDARIESo 
Grain boundaries are major disruptions in the metal structure and 
it can be expected that under certain conditions diffusion will proceed 
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ｰｲ･ｦ･ｲ･ｮｴｾ｡ｬｬｹ＠ along such paths of low atomic concentration. This 
mechanism has been investigated ln dGta.il by many workers. 
Smoluchowsky(33) and his co-workers have studied grain boundary 
diffusion ｩｾ＠ columnar copper. They related the rate of diffusion to the 
angle between adjacent grains. 
Langmuir(34) calculated diffusivities for grain boundary and 
volume diffusion for the adsorption of thorium in tungsten. The diffusion 
coefficients could be represented as follows : 
Grain boundary ••••••••• (15) 
Volume ••••••••• (16) 
More recent work by Lacombe(35) on the self-diffusion coefficients 
in various metals, using radio tracer techniques shows that, when grain 
boundary and volume diffusion a:re compared, the frequency factor D is 
0 
invariably larger for volume diffusion whilst the energy of ｡｣ｴｩｹｾｴｩｯｮ＠ Q is 
much reduced for grain boundary diffusion. In consequence, if we consider 
an expression of the form of equation (10) it would appear that grain 
boundary diffusion can only be the rate-controlling mechanisn1 at ｲ･ｬ｡ｴｩｶ･ｾｹ＠
low temperatures. 
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3. DrF'FUSION OF CHROMIUM INTO IRQ!!. 
3.1. ｾｉｒｏｎＭｃｈｒｏｍｩｩｬｬｾ＠ ｓｙｓｔｎｾｯ＠
Iron is a tnetal of atomic weight 55.85. It eD1ibits allotropic 
changes from low temperature to melting point. The two crystallographic 
forms are: body-centred cubic for a ｩＱｾｮ＠ and o iron and face-centred 
cubic for y iron. 
Their range of stability are as follows -
1) ex. Iron. From low temperatures to 910°C. The 20°C lattice constant 
is 2.8606 k X units. At temperatures up to 768°C iron is ferro-
magnetic but above that temperature (Curie Point) it becomes para-
magnetic. The atomic radius is 1.236 x 10-8 em. 
2) y _!£2,!!• From 910°C to approximately 1390°C. , The atomic radiNs is 
1.284 x 10-B em. It is ferro-magnetic. 
3) o Iron. From approximately 1390°C to melting point., · It is identical 
in structure to ｾ＠ iron and is para-magnetic. 
Chromium is a metal of atomic weight 52.01. It has a body-
centred C..tbic structure from low temperature to its melting point at 
Although various allotropic structures have been reported for 
electro-deposited chromium, these have been shown to be hydrides and not 
true allotropic modifications(36). ThG lattice constant at 20°C is 
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2.8787 k X units. The atomic radius is 1.25 k X units. Chromium is 
para-magnetic at all temperatureso 
As shown in Fig. 1 the iron--chromium equilibrium diagram exhibits 
continuous solid solubility at temperatures above the ｾ＠ - y change point of 
iron for low chromium contents and at all temperatures for chromium contents 
in excess of 12% by weight (14 at.%). 
'rhe addition of chromium to iron closes the y loop at temperatures 
between 850°C and 1390°C. 
At temperatures below 820°C the sigma phase is formed from the 
a. solid solution. The range of homogeneity of the sigma lJhase is from 
44 to 50% chromium at 600°C but prolonged heat treatment may extend its 
zone of stability over a wide range of compositions from approximately 
26 to 71% chromiumo 
The sigma phase is hard and brittle and non-magnetic. Its 
precise crystallographic structure has not yGt been fully determined. 
3.2. £!ffi0l'-1!UM DIFFUSION (CHRONOLOGICAL SURVEY). 
When a specimen of iron is heated under non-oxidising conditions 
at a temperature above 9l0°C in the presence of chromium in powder form or 
electro-plated, a diffusion layer will be formed. This layer or coating 
will show a gradient of composition from a low chromium content at the 
interface to a high value at the surface. 
Chromium diffusion or "chromisingli of iron has been given 
considerable attention for many years because of the great potential value 
of the coating for industrial purposes. The first systematic investigation 
was carried out by Kelley(37) and co-workers in 1919. In this work iron 
specimens were packed in contact with finely divided chromium powder and 
heated in reducing atmosphere at temperatures of the order of l300°C. 
Kelley described the nature of the diffusion layer which, for a treatment 
of 4 hours at that temperature, showed a penetration of 0.005 in. It was 
necessary to dilute the powder with an inert refractory filler in order to 
avoid excessive sintering. 
The presence of the surface alloy is conveniently shown by nitric 
acid etching which reveals a sharp transition boundary parallel to the 
surfaceo Etching in dilute hydrochloric acid reveals large grains in the 
diffusion layer with boundaries perpendicular to the surface; the well-
known ttcolumna.r" structure. Kelley (3B) further pointed out that when 
carbon was present in the iron, some decarburisation was noticeable under-
neath the alloy layer and the penetration tended to be much reduced. It 
was assumed that carbon migrated to the surface and, by forming complex 
carbides with the diffusing chromium atoms, inhibited diffusion in depth. 
Laissus(39) subsequently published a more complete metallographic 
study of chromium--diffused layers which substantially confirmed the 
36 .. 
of Kelley. The above workers relied entirely on a cementation method 
based on a solid/solid system of diffusion. 
Marshall(40) described a method whereby the deposition of chromium 
at the surface of iron specimens was obtained by reaction of a chromium 
bearing gas (in this case chromium chloride) on the surface of the iron. 
Chromium chloride was formed "in situ" by reaction of a volatile, dissociable, 
chloride on chromium or ferro-chromium powder which surrounded the parts to 
be treated. Lower processing temperatures of the order of 1050 to 1100°C, 
together \,.rith improved penetration, were claimed as compared to Kelley's 
original method. 
Howe( 4l) proposed a similar method but relied entirely on the 
reaction in the gas phase and placed the iron specimens out of contact of 
the solid chromium-rich alloy. Ammonium chloride, heated so as to 
dissociate into cracked ammonia and hydrogen chloride, was used as a 
carrier gas for the reaction. 
Hertel and Becker( 42 ) described a method of chromiwn diffusion 
using chromous chloride vapour as the reaction medium. A modification of 
this method due ｾｯ＠ Becker and Steinberg( 43) used a stream of hydrogen 
bubbling tlrrough concentrated hydrochloric acid permeating through a close-
packed mass of ferro-chromium held at 900°C and subsequently reacting at 
temperatures of the order of 1000°C with the surface of iron specimens. 
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Becker, Daeves and Steinberg( 44) reported a further improvement 
of the above method1better adapted to industrial uses. This method, 
relying on chemical reactions similar to those described in their earlier 
work, was based on the use of ferro-chromium lumps mixed with small 
particles of unglazed ceramic material. The purpose of the latter \..ras to 
absorb chromous chloride in its pores during processing thus increasing the 
effective surface of reaction of the so-called "chromising massu. The 
process required gastight metal retorts and a circulation of reducing gas. 
Samue1( 45) described a method of preparing a chromium diffusion 
medium by reacting a porous porcelain impregnated with an alkali dichromate? 
with hydrogen chloride at elevated temperatureG 
ｓ｡ｭｵ･ｬｾ ＴＶ Ｉ＠ and Samuel and Lockington(47) proposed the use of ｩｯ､ｩｮｾ＠
and volatile iodides as improved carriers for the deposition process. The 
chromising medium consisted of a mixture of chromium or ferro-chromium 
powder and kaolin powder to which was added from 0.1 to 0.5% rumnonium ｩｯ､ｩ､ｾＮ＠
The iron specimens were surrounded by this mixture and packed in boxes ｦｩｴｴｾ､＠
with a fusible silicate seal. The reaction took place in situ and did not 
require circulatton of a reducing gas. 
Further developments of this method were described by Samuel(4B), 
Samuel and Lockington( 49) and H. Dorner(50). The use of bromides as 
carrier gases was proposed by Samue1(5l), and Samuel and Lockington(52). 
----------- ----- ------- - ------- --
Galmiche(53) described a gas phase ohromising method using 
ammonium fluoride as the reactive agent. The process produced bright 
surfaces due to the formation of an impervious ferrous fluoride film on 
the surface of the iron which prevented etching effects during the ｨ･ｾｴｩｮｧ＠
up period until diffusion temperature was reached. 
3.3. CHEMISTRY OF THE GAS PHASE DEPOSITION OF CHROivliUM. 
To date, the only practical methods for depositing chromium on the 
surface of iron by gas phase reaction rely on the use of a chromium halide. 
It is generally accepted that three types of reaction can contribute to this 
effect 
1) ｉｮｴ･ｲ｣ｨ｡ｮｾＮ＠
2) ｾＲＮｑＮｵ｣ｴｩｯｮＮ＠
Cr v (GAS) + H )\2 1 
3) Thermal dissociation. 
In the case of interchange reaction one atom of iron is removed at 
the surface for every atom of chromium deposited. Since chromium and iron 
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atoms are substantially similar in weight and size, there is little change 
in the weight or dimensions of the processed specimen. The reaction is 
reversible and the equilibrium chromium concentration at the surface depends 
on the relative vapour pressures of ferrous and chromium halides in the gas 
phase. The activity of iron at the surface controls the rate of the 
forward reaction and, as a result, even if the fGrrous halide is completely 
removed from the vicinity of the iron surface 1the chromium concentration at 
the surface cannot increase above a certain level. 
Both reduction and thermal dissociation reactions are catalysed by 
the iron surface. The amount of chromium deposited represents a net gain 
in weight of the specimen. The chromium concentration at the surface 
appears to reach a limit when the catalytic action of the available iron 
becomes less effective with chromium enrichment. 
For efficient deposition the la\v of mass action demands that the 
vapour pressure of chromous halide be kept high and that the produc-t of 
reaction be efficiently removed from the reaction chambero This object 
can be achieved by several methods. 
1) Carrying away products of reaction in a continuous gas stream, i.e. 
hydrogen or cracked ammonia saturated with chromium halide vapour. 
2) Close proximity of a source of chromium to allow regeneration of 
chromous halide according to the following reactions : 
40. 
c,l' + Fe X2. Ｍｾ＠
C.r 1- 2 HX :::: 
These reactions are in effect the reverse of deposition conditions. 
3) By using chemical adsorption by the filler material. 
For continued chromium uptake.,, the removal of chromium from the 
surface is necessary and when equilibrium surface concentration has been 
reached the chromium uptake is limited by the rate of diffusion. 
All four halogens can be used as carrier elements for deposition 
of chromium, their selection being guided by the type of reaction which is 
predominently required. 
The thermodynamics of chromising reactions have been studied ｭ｡ｩｮｬｾ＠
in the case of chlorides. 
Wagner and Stein(54) studied the equilibrium constant for the 
interchange reaction between iron and chromous chloride. The equilibrium 
constant 
Pc"' c f ｾ＠ x a. ｾ＠ e ﾷ ｾ＠ ........ ....._. ... ｾＮＮＮＬＭＭＭ
PFe(ll x C\. ｣ｾ＠
is approximately equal to unity, so that the ratio of iron and chromium 
activities at the surface (and in effect their concentrations) is of 
the same order as the ratio of the partial pressures of their chlorides. 
41 .. 
A more general approach valid for most interchange reactions 
based on metallic chlorides was discussed by Hoar and Croom (55)., From 
consideration of free energy data of metal chlorides they showed that both 
interchange and reduction reactions were thermodynamically feasible for 
chromising but that thermal dissociation was unlikely to occur. 
In a subsequent paper, Hoar and Croom(56 ) quoted experimental 
results for chromising of iron by gas reaction similar to the Becker·-
Steinberg method. They reported that,within the temperature range 950 to 
1100°C1 both interchange nnd reduction reactions proceeded at approximately 
equal rates. Their conclusions were based on comparison of total chromium 
uptake and \veight gain of the iron specimens. 
Samuel and Lockington(5?), working with chromous iodide and 
hydrogen, have sho\vn that., in this case,.interchange reaction is non-existent 
at temperatures below 950°C; at 1050°C approximately 1(1J;6 of the ·total 
chromium uptake is due to interchange nnd this percentage increases to about 
The balance of the deposited chromiutl} 
is due to thermal dissociation or possibly reduction. The distinction 
between thermal dissociation ancl reduction is purely formal in this case 
since both reactions lead to an identical weight gain. Experiments carried 
out with iodine and. in the absence of hydrogen have given results of the 
same order and for this reason, and also because of thermodynamic 
considerations, thermal dissociation is the more likely explanation. 
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Galmiche( 5B) has studied the reactions in the case of fluorides 
and reported that the weight gain of the specimens corresponded to the 
total chromium uptake. This would indicate a process of reduction or of 
thermal dissociation. Thermodynamic considerations ruled out the 
possibility of thermal dissociation whilst, on the other hand, a simple 
reduction process could not account for the presence of small quantities 
of ferrous fluoride condensing in the reac·tion chamber and for the 
relatively low chromium content of the coating. Galmiche proposed the 
following sequence of reactions 
2HF + Cr -> CrF + 2 H2 
CrF2 + Fe -> FeF 2 + Cr Interchange at low temperature. 
CrF 2 + H2 -> 2HF + Cr Reduction at higher temperatureu 
FeF2 + H2 -> 2HF + F'e Reduction of ferrous fluoride. 
THE NATURE OF THE DIJJ'FUSION LAYER. 
------·----------------------------
There is general agreement in all references quoted that the type 
of reaction involved in the deposition of chromium on the surface of iron 
plays only a minor part in the nature and growth of the diffusion layer. 
It is only during the very enrly stages of processing, i.e. until equilibrium 
chromium concentration is reached, that the rate of interchange,reduction or 
thermal dissociation may affect the rate of diffusion. Thereafter the rate 
of diffusion is insensitive to surface reaction so long as a constant supply 
of chromium is available. 
Due to the similarity in size bet\'leen atoms of iron and chromium 
the mechanism of diffusion is substitutional. Grain boundary diffusion is 
occasionally observed but only at lo"" processing temperatures. 
The range of temperature normally used for diffusion of chromium 
into iron is from 900 to 1200°0, e.g. witlrin the y loop of the equilibrium 
diagram. 
It can be seen that within these temperatures the chromium 
concentration corresponding to the y - tt transition varies only slightly 
between 12% at 900°C and approximately 10% at 1200°C with a maximum of 13% 
at 1000°C. 
During the early stages of diffusion, chromium diffuses in the 
austenitic iron lattice until. a concentration of approximately ｬｾｨ＠ is 
attained. Above that concentration the diffusion layer becomes ferritic 
EU1d since the rate of chromium diffusion in y iron is ｡ｰｰｾ･｣ｩ｡｢ｬｹ＠ lower 
than in ferrite, diffusion beyond the boundary is slow and a sherp drop in 
concentration results. 
For this reason a simple metallogra:phic examination using Ni tal 
reagent shows a sharp boundary line separating the etched core and lov; 
concentration diffusion zone from the unetched coating. 
The chromium concentration, as a function of distance from the 
surface, has been studied by various authors. 
: ｾ＾ Ｎ＠
Becker, Daeves and Steinberg(59 ), by means of ｾｾｒｬｹｳ｣ｳ＠ of 
successive layers, reported a surface concentration of the order of 40% 
and a sharp drop from 13% to nil over a distance of a few ｭｾｩ｣ｲｯｮｳＮ＠ These 
results were obtained on mild steel (O.l% carbon) specimens treated by the 
chromous chloride method. 
Samuel(GO), using the same method of analysis and a steel of 0.06% 
.carbon, processed by the iodide methocl for 4 hours at ll00°C, reported 
similar results except for a higher chromium content of approximately Ｖｾｦｯ＠
11ear the surface. 
Spectroscopic analyses, carried out after removing calculated amounts 
of alloy by electro-polishing, have been reported by Malamand(6l) and 
Gorbunov(62 ). As could be expected, this method is more sensitive than the 
mechanical removal of successive layers and both authors were able to show 
that the concentration of chromium at the surface often reaches values of 
8oot6 or more but that this high chromium zone seldom exceeds a fev1 microns in 
depth. 
Since the depth of diffusion beyond the 12}6 chromium boundary line 
is very small, ±or all practical purposes, the coating is defined as the 
unaffected layer as shown by Nital etch. If a sectioned specimen is boiled 
in dilute nitric acid the iron core is dissolved leaving a chromium alloy 
ｳｨｾｬｬＮ＠ Careful micrometric measurements show that the thickness of this 
shell is identical ｷｩｾｨ＠ that observed on metallographic specimens prepared 
as described aboveo 
It is easy to determine by chemical analysis the average chromium 
(56) 
content of such an alloy shell. Hoar and Croom found values of the 
order of 18.5 to 22.8% ｣ｨｲｯｾｩｵｭ＠ for trGatments at temperatures of 970-1050°0 
for a gas phase chloride chromising. Samuel and Lockington(63), using an 
iodide carrier, reported average values of ＲＳｾＶ＠ chromium for treatments at a 
temperature range of 980-1200°C. 
Fig. 2 shows the average chromium content formed at different 
temperatures on low carbon steels for a treatment of 4i hours, using the 
iodide process. At 900°C the average chromiwn content may reach over ＵｾｾＮ＠
It is noteworthy that the high chromium contents at lo\v temperatures 
coincide with the thermal dissociation range of processing conditions. 
Although methods of processing vary widely, the penetration/time 
curves for chromium diffusion plotted by various workers show excellent 
agreement. The effect of surface chromium concentration on the depth of 
diffusion is most significant during the early stages of the process. 
This effect rapidly becomes negligible. '1\vo methods can be used to 
assess the rate of chromium diffusion; increase in coating thickness or rate 
of chromium uptake. The curve relating to thickness agai1wt temperature 
for a 4i hours treatment time is shown .in' Fig. 3(a). 
The curve relating to thickness against time for a processing 
temperature of 1100°0 is shown in Fig.3(b). This curve is nearly 
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parabolic and corresponds closely to an equation of the form 
Ｎ ｸ Ｎ ｾ＠ = ｾ＠ ｊｾｴ＠ •• 0 •• ., ••• (17) 
where x is the thickness of the coating at Time to 
If the diffusion coefficient D can be represented by an expression 
of the form Ｍｾ＠D·: Doe RT 
••••••••• 
(18) 
a straigh·G line should be obtained by plotting Log D against 1/To 
Similarly, if the coating thickness depends only on the diffusion 
coefficient the variation with temperature will be given by 
ｸＺＮａ･Ｍｾ＠ (19) 
where A and B are constants. By plotting Log x against 1/T a straight line 
should also be obtained. 
From the slope of curves of this type it is possible to calculate 
the apparent energy of activation of the process. 
a1( 64) gave values of the order of 58 Kg.Cal.Mole. 
Results from Crunpbell et 
H . d c (56) .. oar . an room. . ｾ ﾷ ﾷ＠
from their own data and from values of D quoted by other workers, calculated 
I 
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an energy of activation of 57 Kg.Cal .. whilst Samuel and Lockington(G3) found 
values of 59 and 57 Kg.Cal. considering coating ｴｨｩ｣ｬｾ･ｳｳ＠ ｾｾ､＠ chromium uptake, 
respectivelyo In spite of the widely different process:ing methods used by 
these authors the reported values are in good agreemento 
3.5. CALCULATION OF DIFFUSION COEFli'ICIENTo 
Because of the possibility of controlling closely the surface 
cone entration of chromium and also since the a - y ｴｲ｡ｮｳｩｴｾｩｯｮ＠ concentration 
varies only within narrow lin1its, the chromium diffusion process lends itse+f 
to a relatively simple ealculation of diffusion rates. In practice, what is 
measured is the rate of inward migration of a boundary of fixed concentration 
and not, strictly, a diffusion coefficient including atom movement in both 
ｾ＠ and y structures. This distinction is more formal than real ·since the 
interdiffusion coefficient within tl1e stable ferrite zone which can be 
calculated with fair accuracy determines the effective coating thickness. 
Since both surface and boundary concentrations a.re ｫｮｯｶｯｾｮＬ＠ the · 
solution of Fick's equation applicable in this case is 
Ａ ﾷＬＮｾ＠ x,_ ｊＨｾﾷｾＭＩ＠.. ____ tl. :1\fst c 2 4nt ｴＭ｣ Ｐ ＭＭｾＭ e 
""'0 
•••••••• o (20a) 
or, making 
2. • • • • • • • • • (20b) 
"\Frr 
----------------------- · ·- --· --
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This approximate solution is valid only for diffusion into a semi-infinite 
solid, assuming that the interdiffusion coefficient D does not vary with 
composition. 
In this expression C represents the concentration of chromium at 
0 
the surface and C is the concentration at a depth x after time t. 
The value of the Gaussian integral can be found readily in 
mathematical tables and if we give C the value corresponding to the y - ex 
transition concentration for c-my given treatment temperature, only the st:rft:tce 
concentration need be estimated. 
For solid/solid systems as, for example, diffusion of a thiclc 
electro--plated chromium layer deposited on iron, C is 100%. 
0 
For gas phase 
reaction the best estimates give values of the order of 70% chromium. 
It can be seen that since 
is a number it is possible to relate the depth of diffusion x to time t and 
interdiffusion coefficient D by an equation of the form 
c 
where the coefficient A depends on the value of /C • 
0 
••••• ., •••• (21) 
A simple calculation 
will show that the value of A for C = 7ryfo is approximately 0.8 and becomes 
0 
approximately 1.1 for C
0 
= 100%. 
Since A is generally of the order of unity, equation (i?) can often 
be used in practice as an acceptable approximation. It is clear that; even 
l 
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equation (21) is only strictly correct if we assume that a coating of finite 
thickness can be considered as a special case of diffusion into the semi-
infinite solid. The value calculated for D may be in error by an 
appreciable factor but the form of equation (21) leading to parabolic 
relationship between time nnd depth of diffusion is correct. h'hen comparing 
different conditions of treatment equation (21) is valid insofar as it givet3 
a true indication of the relative values of the interdiffusion coefficient D. 
54. 
The object of this work was to carry out an investigation of the 
diffusion characteristics of a selected system (chromium/iron) under 
conditions of high frequency j.nduction heating, to compare the rate and the 
nature of such a diffusion process with results obtained by conventional 
heating in the absence of an induced el0ctromagnGtic field .. 
It was proposed to measure diffusion rates by determination of the 
interdiffusion coefficient corresponding to the migration of the tt - y 
transition boundary for different temperatures and time and at induction 
frequencies within the practical limits of the equipment available, i.e. 
0. ·5 to 2.0 Hcs. 
From such results it was intended to calculate the apparent energies 
of activation of the diffusion process and to arrive at a theoretical 
explanation of the observed results. 
The choice of the system, diffusion of chromium into the surface of 
iron, \vas guided by the relative simplicity of measure meat of diffusion rates 
due to the existence, over a wide temperature range, of a nearly constant 
boundary concentration and, also, by the convenient analytical technique for 
assessing chromium uptake by the average chromium content of the chromium-
rich ferrite shell obtained by dissolving the core in nitric acid. Another 
favourable factor was the substantial literature available relating to the 
chemistry of chromising reactions and to the composition, structure and 
physical properties of the diffusion coatings. 
! . 
55. 
5. APPARA.TUS AND N.A:rERIALS. 
5 .1. IVIATERIAL ａＱｾｄ＠ TEST ｐｉＮｩｾｃｅｓＮ＠
The material used in thiP research was obtained from stock of 1 em, 
diamc:tter ARNCO iron bar. This material, from one cast, was obtained in 
sufficient quantity to last throughout the experimental programme. The 
analysis of the material "as receivedti is given in Table Ig 
t ｾ＠ __._..,.___._.;-----w---.... ' 
ARlVICO Stock I C I P S : Si ! Mn ｣［ｭｰｯｳｩｴｩＮｯ［ＫＭＭＭＭｴＭＭＭＭｲＭＭｾＭＭ ··-t·------·t-·-· ----- "' 
weight % t 0.011 · 0.005 1 0.025 Trace i 0.015 
i I 
.. _..._.... ｾＭＭＭｾ ﾷ ＭＬＮＮ｟ＮＮＮＬＮＮＮＮﾷｾＭＭＭＭＭＭＭＭﾷＭＭＭ ﾷ ＭＮＬＬＮＮＭ｡ＮＭＭｾＭ Ｍ ＭＭＭ ....... - ,._ ..... .. ·-
For the purpose of this work the nitrogen and oxygen content of the \ 
material was of no special importance and these elements \vere not estimateq. 
It was noticed that there were some variations in the amount and distribution 
of non-metallic inclusions in the iron. However, these inclusions were 
relatively coarse and did not appear to interfere seriously \dth the growth 
of the diffusion layer. 
In a study of a method relying on high frequency induction as a 
source of heat, the precise geometry of the induction coil and of the test 
piece is of great importance if reproducibility is to be ensured. All 
systematic tests were carried out using a standard AID1CO iron specimen as 
shown in Fig. 5. 
The specimen was 1 em. long, l em. diameter. A blind hole 1/8" 
I 5& • 
. · 
-
DIAGRAM 01=· STANDARD ARMCO IRON TE5T-P\ECE. 
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diameter, 0.5 em. deep, was drilled at the centre of one face of the 
specimen in order to allow the junction of a platinum/13% rhodium-platinum 
couple to be located at the geometrical cent('e of the test piece. After 
machining, the surface of the spacimen was cleru1ed with ｃｾ｡ｲｳ･＠ and then fine 
emory cloth to a finish corresponding to standard 0 metallographic polishing 
paper. 
5.2. R.F. ｇｅｎｅｒａｾｏｒＮ＠
The high-frequency generator used was a Wild-Barfield R.F. Unit of 
3 KW. nominal output. The unit operated at 400 volts single phase, 50 eye ;tea 
across two live-phase conductors of a three phase supply. 
The output could be varied by steps of 0.5 KW coarse setting and fire 
adjustment was provided by means of a secondary pm,.,rer control bridging each 
step of the main regulator. 
By using an external subsidiary transformer the range of frequency 
obtained was from 400 to 800 Kcs. When the external transformer \vas 
removed, frequencies of the order of 1.5 to 3 Ivies. could be reached, 
depending on the coil geometry. The details of the coils used in this work 
and of frequency measurements are given in "1.ppendix I. 
The generator is shown in Fig.6 as used for diffusion experiments 
in the gas phase. The indue tion leads v.rere connected directly to the main 
oscillator circuit and were extended to allow the coil to be located in a 
" ·-· i 
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FIG . 6 
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fume cupboard which housed the gas generator and diffusion apparatus. 
5.3. DIFFUSION ｩｾｐａｒａｔｕｓＮ＠
5.3.1. Solid/Solid System. 
The specimens were prepared in the following ma.nnerG A leng·th of 
copper rod was fitted tightly in the blind hole of the standard specimen. 
The copper rod was covered with a film of strippable plastic. After 
degreasing and pickling, the sample was immersed in a chromic acid electro-
plating bath and given a coating thickness of 150 microns chromium. 1\.fter 
rinsing and drying, the copper rod was removed from the specimen. 
The position of the specimen \"lith respect to the inductor coil was 
important and the following method was adopted. 
Fig. 7 shows a sectional diagram of a test piece in position for 
heating. The induction coil was located on top of a jig which served the 
dual purpose of pre-heater and of locating device. A test tube 14.5 em. 
high by 1.5 em. internal ､ｩ｡ｲｲｾ｡ｴ･ｲ＠ was filled in to a height of 5 em. with 
alumina powder containing a small addition of ammonium bromideQ After 
fitting the weld junction of the thermocouple in the blind hole, the specimen 
was lowered by means of a tubular holder so that it was positioned exactly 
in the axis of the test tube. Additional alumina powder was added until the 
level reached the top of the test piece, and the tubular holder was removed. 
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The test tube was then placed in the inductor, the lower portion being held 
in position in the pre-heating device. The tes·t tube v1as then topped with 
more alumina powder to a level 3 ·em. above the uppermost surface of the 
specimen. 
Gas Solid System (Powder Method). 
In this case the specin1en was not electro-plated, the deposition 
reaction being produced in situ by means of a powder mixture containing 
chromium metal, alumina filler, and some ammonium bromide as carrier. This 
replaced the alumina powder used in the solid/solid diffusion testso In 
every other respect the method of treatment was the same as that adopted for 
the solid/s0lid system. 
Gas Solid System (Gas Generato£2. 
For this purpose it was necessary to devise an apparatus which could 
provide a constant supply of a gas or m:Lxture of gases containing the maximum 
amount of chromium halide vapour practically attainable. After several 
modifications, ths apparatus which was adopted is shown in diagram form in 
Fig. 8 • 
The carrier gases were commercially pure argon and hydrogen obtained 
in cylinders. Purified argon had a nominal analysis of 99.8% argon, less 
than OoOOl% 0A7gen, trace of nitrogen and less than ＰｾＰＰＱＥ＠ hydrogen. 
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6.3 .. 
Purified hydrogen contained 99.5% hydrogen, the balance being :.1o..inly 
oxygen. Hydrogen cylinders were fitted \vi th a "DEOXOtt type catalytic 
drier attachment. 
The gas feed system was designed in such a manner as to allov1 
circulation in the furnace tube of a controlled supply of hydrogen or argon 
or mixtures of these gases saturated with bromine vapour by bubbJ.ing throu.gh 
liquid bromine maintained at a constant temperature. 
Each gas cylinder fed a separate line, the amount of gas being 
measured by means of flo\•llneters. The gases were first dried by bubbling 
through concentrated sulphuric acid. The dried gases could then be fed 
through the liquid bromine bubbler or bypassed to a common tube leading to ｾ＠
large 1 U1 tube filled with glass balls, acting as a gas mixer. It was 
possible to obtain by this method diffGrent percentage mixtures of gases, 
variations in gas flow, or in the bromine content of the gas. 
Experiments sho\ved that the introduction of more elaborate drying 
methods for the gases, such as passing argon over sponge titanium or copper . 
turnings at suitable temperature did not noticeably affect the results; 
these methods were abandoned at an early stage of the researchv 
After mixing, the bromine enriched gases were carried through the 
chromium bromide generating apparatus., This consisted of a thermostatically 
controlled vertical electrical tube furnace capable of operating at 
temperatures of from 800 - l200°C. The power rating was 3 KW. and the 
heating element consisted of Kanthal Al vrire wound around a ＲｾＢ＠ diameter 
by 2411 long aluminous porcelain tube o The winding was so arranged as to 
provide mrocimum temperature at the lower end of the furn9.ce and upwards for 
12ii, with a decreasing temperature gradient over the upper 12u of the tr;.be" 
The reaction chamber consisted of an aluminous porcelain tube 36" 
long by 2" external diameter \vhich was located in the vertical furnace as 
shown in Fig. 9 • The lower end of the tube protruded some Gn from the 
base plate of the furnace and was located inside the induction coila The 
reaction tube was filled for 20" of its height with a specially prepared 
｣ｨｲｯｭｩｵｭＭ｢･ｾＺｲｩｮｧ＠ medium produced in the follovving manner: 
Two parts by weight of fine chromium powder (less than 100 mesh) 
\vere mixed \'lith one part of pure china clay (Kaolinite). Water was added 
to make a thick paste. The paste \vas dried in shallow trays and the 
resulting slabs v.rere broken up into small lumps (approximately 1/4" cubes). 
These were heated in hydrogen for 1 hour at ll00°C. After firing .. the ｬｵｭｰｾ＠
or pellets had hardened considerably but still remained permeable to gases. 
This technique was adopted in order to ensure maximum surface of reaction 
between the bromine bearing gases and chromium metal during circulation of 
the gases through the tube. Details of the specimen positioning at the 
lower end of the tube are shown in Fig. 10. 
The chromium bearing pellets were kept in position in the tube by 
means of a perforated nickel chromium alloy plate, level with the base plate 
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of the furnaceo The induction coil was located immediately underneath and 
\..ras made of round section refined copper tubing 3/Bn nominal diameter with 
Ｓｾ＠ turns, 2c-l/3u height, ＲｾＢ＠ internal diametero 
In order to prevent condensation of chromium bromide along the cool 
section of the tube between the perforated plate a.11.d the specimen, a thin 
molybdenum foil was fitted as near as possible to the aluminous porcelain 
tube. This foil, acting as susceptor and providing an efficient source of 
heating for the gases, did not measurenbly affect the pov..rer outpu·t available 
to the iron specimen in the centre of the tube. 
The specimen itself was supported vertically by means of an alumina 
sheath secured to a moveable base block which could be raised or lowered over 
a distance of 12". The }Jlatinum/1376 rhodium-platinum thermocouple was 
inserted through the sheath with its junction located at the centre of the 
iron specimen. The whole apparatus was housed in a specially constructed 
fume cupboard which is shown, stripped of its generator furnace, in Fig. 11 o 
FIGo 2 
Generator ｾｮ､＠ fume-cupboard sot up 
for Gas-Chromising 
68. 
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6. ｅｘｐｅｒｉｾｾｎｔａｌ＠ PROCEDUllEa 
ｔｅｾｗｅｒａｔｕｒｅ＠ OONTEOL. 
Temperature is the most important factor in controlling the rate of 
diffusion and attention was paid to various methods of measurement under 
conditions of high frequency heating. 
Heating by induction at the higher range of frequency results in ｴｨｾ＠
ｳｯｾ｣｡ｬｬ･＠ d "skin effect". The surface of the specimen is raised to a 
temperature in excess of that of the core, due to the concentration of eddy 
currents in that zone. The discrepancy between surface and core temperature 
as measured at the centre of the specimen, depends, ｾｾｯｮｧ＠ other factors, on 
the frequency of the induction field, the conductivity of the material from 
which the specimen is made and the cooling effect at the surface due to 
radiation or conduction through the medium surrounding the specimen. These 
effects are specially pronounced during the rapid heating from rnom to 
diffusion temperature when the rate of temperature-increase at the surface 
may be of the order of 25°C per second. 
In materials such as iron \tJbich exhibit a change in magnetic properties, 
the rate of ｴ･ｭｰ･ｾ｡ｴｵｲ･＠ increase is by no means regular and a sharp fall is 
noticeable above the Curie point when iron becomes paramagnetic. The 
relationship between "skin depth", inductor frequency and magnetic properties 
of the material is discussed in Appendix II. 
For the purpose of this research two principal frequency ranges were 
investigated: 500 Kcs. range and 2 to 3 Mcs. range. 
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As listed in Appendix I, 13 coils of different geometry were 
tested. Nos. 1-9 at the lower frequency and 10-13 at both frequency_ 
- "'-
levelso Although the small diameter of the thermocouple wire was unlikely 
to provide good induction coupling with the existing coils it was thought 
advisable to ascertain that this was in fact the case. The thermocouple 
junction was placed in the centre of each coil in turn, without any 
shielding. The couple was ｣ｯｮｾ･｣ｴ･､＠ to an edgewise indicating pyrometer of 
low mechanical inertia which was capable of detecting rapid temperature 
changes. In each case the generator was set to full power. 
At the higher frequency range there \vas no deflection of the 
indicator needle with coils 10, 11, 12 and 13. At the lower frequency range 
no coil over 7/8" internal diameter gave any deflection of the indicator 
reading. A special coil of small internal diameter C-i") was prepared andt 
in this case, there was a deflection of the indicator needle which reached -
approximately 350 °C after t\-.ro minutes at maximum generator output. o·cher 
tests were carried out by locating the thermocouple junction at the ｣･ｮｴｲｾ＠
of a ｳｴｲｵｾ､｡ｲ､＠ ａｾｉｃｏ＠ specimen and setting the generator to produce a rapid 
heating rate (approximately 60 seconds to a temperature of 1200°C) and, 
thereafter, maintaining a steady temperature as measured on the edgewise 
indicator. 
The generator was then rapidly switched off and on. There was no 
detectable chru1ge in the indicated temperature at the instru1t of switching 
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off. This was observed for all coils used at the appropriate frequency 
ra:oge,.including the ｳｰ･｣ｩ｡ｬｾＢ＠ internal diameter coil, which had produced 
deflection with the ｢ｾｲ･＠ thermocouple junction. 
It was concluded that any minor coupling which might be induced in 
the thermocouple junction was effectively shielded by the surrounding iron 
specimen. These conclusions are only strictly valid for the specific 
conditions of test and for the geometry of coil and specimen adopte1 here. 
6.1.1. Calibration Tests. 
A comparison between the surface and core ｴ･ｲｾ･ｲ｡ｴｵｲ･＠ at any instant 
provided a more difficult problem and it was in that connection that the 
precise design of coil and test piece, and the careful location of the latter 
inside the coil, was shown to be of special importance. It was necessary to 
establish a reproducible relationship between the surface temperature and the 
temperature measured at the centre of the specimen, for different processine? 
conditions. 
A number of calibration tests were carried out for different inductor 
coils using three methods of temperature measurement. 
1. A thermocouple located at the centre of the specimen. 
2. A thermocouple located at the surface of the test piece by 
welding the couple wires 2 mm. apart on the cylindrical surface. 
3. An optical pyrometer of the disappearing filament type 
focussed on the surface of the specimen. 
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The details of calibration tests relating to inductor coil 13, which 
was used for all systematic investigation, are given in Appendix III. The 
main conclusions of these tests can be summarised as follows. 
With specimens of small diameter in relation to the internal 
diameter of the coil, there is an initial temperature peak at the surface 
during the rapid heating-up period. This effect may last for 80-120 secon,ds, 
depending on the initial power setting of the generator. Once the generator 
has been regulated to the desired power output, equilibrium quickly sets in: 
and although there is still a small difference between the temperature 
measured at the surface and that measured at the centre of the specimen, 
this difference is of the order of 5 to 15:qc for a nominal setting temperat4re 
of 1200°C. There is good agreement between surface thermocouple readings 
and optical pyrometer readings using near black-body conditions in 
oxidising atmosphere. 
Provided the geometry of the coil and that of the test piece are 
closely adhered to, it is possible to achieve excellent reproducibility of 
temperature control by using the centre thermocouple alone and making the 
appropriate minor corrections according to calibration curves such as that 
shown in Fig. 12. This corresponds to a nominal temperature of 1200\)C vP.th 
coil No.l3 operating at regulator setting, coarse No.4, fine mru1ual 
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adjustment 0 - 120 divisions, frequency 1.9 Mcs. 
The possible cooling effect of a variable gas flow at the surface of 
the specimen was considered. All tests carried out with gas flo\·Js within 
the limits of experimental conditions used in the investigation showed that 
this effect was slight and could be neglected in practice since the 
temperature variations, whenever they could be detected, were well within th,e 
margin of experimental error. 
The composition of the surrounding gas did not appear to produce a 
measureable effect on the surface tempernture of the specimenG 
In view of the need for standardising test procedure the use of a 
centrally loca·ted thermocouple, keeping constant coil geometry and generator 
power setting, was regarded as giving the best obtainable ｲ･ｰｬｾ､ｵ｣ｩ｢ｩｬｩｴｹ＠
for all experiments of short duration. A 30 minute treatment was found to 
be the ma"rimum practical heating period due to the tendency of the generator 
to overheat after longer processing times. In order to minimise the effect 
of misalignment of the specimen in the inductor it was found necessary to 
adopt a standard coil of comparatively large internal diametero Ｑｾｳ＠ a 
result, the induction coupling was not fully efficient and high s&ttings were 
required to maintain constant temperature above 1000°C in the specimen. 
I 
L-------------------------------------=--------- ----- _] 
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6.2. DIFFUSION EXPERIMENTS. 
6.2.1. General Observations. 
In order to take advantage of the fixed boundary concentration of the 
ct - y transition in the iron/chromium system, tests had to be conducted 
within the appropriate temperature limits of the y loop. In practice this 
meant operating at temperatures between 900 and 1250°C since at higher 
temperatures the concentration of chromium at the transition drops at a ;fast 
rate ru1d there is no longer a direct correlation between diffusion depth as 
measured by metcllographic methods and that obtained by micrometer reading of 
the chromium rich shell after dissolving the core in nitric acid. 
The nominal temperatures adopted for systematic tests were 1,000, i 
1100, 1200°C. 
temperatures. 
A number of experiments \•Jere also carried out a·t intermediate 
The time at processing temperatures for most ｳｾｲｩ･ｳ＠ of experiments 
were 60., 180,. 300, 600, 1200 ｾ､＠ 1800 seconds from the, ｴｾｭ･＠ nominql 
temperature WD.S reached. Three series of .. tests were carried out. Altb.ougp. 
the time taken for the specimen to reach preset diffusion temperature was 
only of the order of 60-100 seconds, this could not be neglected and this 
fact had to be taken into consideration when plotting results of depth of 
diffusion against time, particularly for the shorter treatments. 
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6.2.2. Solid/solid System and Gas . ｾｯｬｪＮ｟ｲｌﾧｉＮｳＮｾ･ｬＡＡＬ｟ｪｐｯｙｊ､･ｲ＠ Hethod). 
The experimental procedure was identical in bo-Lh cases a The 
individual test pieces were weighed and their diameter was measured. After 
positioning the test piece, as described in Section 5«>3.1., the generator, set 
·to full power, was switched on. As soon as the indicating pyrometer reached 
the level shown by the calibration curve to correspond to the desired 
diffusion temperature, the generator was reset to the appropriate setting, 
minor adjustments on the fine control being made manually. The R.F. 
Generator was switched off at the end of the desired treatment time and the 
specimen wns allow0d to cool in the test tube. The temperature drop from 
diffusion temperature to 800°C ｃｩｾ･ｯ＠ below effective diffusion range) was 
rapid and of the order of 100 seconds at most. The experiments showed that 
rapid cooling by removal of the specimen from the ｴｾｳｴ＠ tube immediately after 
s\-vi tching off the set did not m::\ke a detectable difference in the measured 
depth of coating, even \v.i th the shortest r1iffusion timeo 
In spite of careful calibration, minor differences in initial 
temperature were experienced. For example, a. setting aimed at reaching a 
nominal ｴ･ｭｰ･ｲ｡ｴｵＺｾ･＠ of 1100°C might lead to an initial temperature of 1095°C 
In such cases the nominal temperature \vas ignored and the 
specimen was maintained throughout at the temperature reached initially. 
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In some instances, minor temperature fluctuations were noticed 
-·during treatment time. Figo 13 shov.fs an example of time against temperature 
curve plotted for the treatment time of five minutes at ＱＲＰＰﾰｃｾ＠ The points 
in the curve are recorded at 25 seconds interval. A method for calculatip.g, 
to a close approximation, the error in the value of D involved during 
ｳｴ･｡｣ｾｬｹ＠ increasing or fluctuating temperature is gjven in Appendix IV. 
ｾｾＱＱ･ｮ･ｶ･ｲ＠ applicable, this method wns used to correct the calculated values 
of the inter-diffusion coefficient. 
ｾｓｯｬｩ､＠ System. 
6.2.3.1. Gas Generator. 
It was essential to ensure an adequate supply of chromium-bearing 
gas from the moment the specimen was introduced in the inductor zone.. The 
gas generator furnace \vas switched on and the temperature was raised to 
ll50°C whilst maintaining a constant stream of hydrogen in the tube. \Vhen 
the furnace had reached temperature the appropriate gas composition was 
obtained by regulating the mixture of argon and hydrogen, the temperature of 
the bromine bubl:lor; nnd the overall flow of gas through the reaction tube. 
The conditions of test could be defined by a flow diagram as shown below. 
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A large number of preliminary experiments were required in order t9 
determine the best conditions for deposition of chromium. In view of the 
rapid rate of diffusion using high frequency heating methods, and of the 
relatively low vapour pressure of chromium bromide, even at the highes·t 
diffusion temperatures, it was necessary to maintain a high rate of gas flow. 
The optimum gas flow for the dimensions of the tube was found to be of the . 
order of 1 litre per minute as measured from flow meter readings ut room 
temperature. The actual gas flow at the specimen end, taking into 
consideration the volume expansion due to temperature 1 was considerably in 
excess of this figure. 
The volume of the hot zone of the tube was approximately 2000 cc. 1 
half of which was occupied by chromium-bearing pellets, so that the effective 
volume where reaction could take place was of the order of 1,000 cc. ｓｩｮ･ｾ＠
there was no impediment to the flow of gas throughout the system the pressu:re 
could be assumed to be of the order of atmospheric pressure and the change: 
of volume in the hot reaction tube could be regarded as taking place at 
constant pressure. Under these conditions the gas velocity at the ｳｰ･｣ｾ･ｮ＠
end of the tube was of the order of 1-2 em. per second. The excessive 
turbulence at the surface of the specimen at higher gas velocities led to 
irregular results and all the tests were conducted with flow rates of 0. 9-· · 
1.5 litre per minute, as measured at room temperature. 
With respect to the relative runounts of hydrogen and argon, it was 
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found experimentally that this was less critical than the flow rate, 
｡ｬｾｨｯｵｧｨ＠ the hydrogen/argon ratio had to be kept within the values 2 to l 
and 10 to 1. Eventually a ratio of 5 volumes hydrogen to 1 volume argon 
as measured by flow meter at room temperature was adopted as a standard 
prodedure. 
The amount of bromine in the gas mixture was also found to be 
comparatively uncritical and the bromine container was maintained at 20°0 
for all tests. 
For this purpose, it was found that the most convenient method 
consisted in bypassing the hydrogen stream directly to the 'U' tube mixer 
and in directing the full stream of argon through the bromine bubbler. 
The actual conditions as represented in flo\v diagram form were 
As mentioned in 6ec-tion 3 .. ＳﾷｾＮＬ＠ the most efficient reaction for 
deposition by interchange or reduction calls for a high partial pressure of 
chromous bromide and efficient removal of the products of reactiono Such 
condi-tions were obtained by using the method described above. There was a 
large excess of chromous bromide available for reaction in the part of the 
tube surrounded by the inductor coil. The practical difficulty was to 
ensure a constant supply at the surface of the specimen wi·thout creating, as 
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a result, an excessive gas velocity which would have reduced the time 
available for reaction to take place. Thus, although some limits of gas 
composition and gas flol..v could be found within \•Jhich adequate deposition was 
obtained, the precise conditions \-Ji thin these limits had little influence on 
the observed rates of deposition as determined by metallographic examination 
and ehemical annlysis of the diffusion layers. 
The gas generator method operated satisfactorily :L'or the treatment 
of specimens a.t temperatures of 1100-1250°C. The temperature at the 
surface of the specimens was sufficient to ensure efficient interchange or 
reduction reactions of the chromou.s bromide. At lower processing 
temperatures ｩｮ･ｦｦｾ｣ｩ･ｮｴ＠ deposition was observed, particularly in processing 
times of less than 10 minutes. This \vns observed for experiments carried out 
at 950, 1000 andll050°C using different gas compositions and varying the 
overall gas flow within wide limits, 
It was found possible to achieve adequate rates of deposition by 
using a modified and more efficient shield susceptor around the specimens, 
at the same time reducing the gas flo\v to 50 cc o per minute and increasing 
the hydrogen/Rrgon ratio to 10-1. However, these conditions introduced 
other variables and did not allovJ convenient comparison with results 
obtained at the higher range of temperatureso For this reason only tests 
carried out at the range 1100 to 1200°C are reported in this work, using the 
gas-chromising ｧ･ｮ･ｲ｡ｴｯｲｾｾ＠
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• 0 6.2.3.2. Processing Seguence. 
The processing sequence was as follows :-
(a) The specimen was weighed and its diameter measured. 
(b) It was located on the stem secured to the movable platform as shown 
in Fig. 10. 
(c) The chromising gas generator was set to standard gas composition and 
gas flow and operated for five minutes. 
(d) The platform was raised so as to locate the specimen at the exact 
centre of the tube, level with the inductor coil. The specimen was 
maintained in the gas stream for ｴ｜ｴｾｯ＠ minutes, the R.:F'. Generator being 
switched off. 
(e) The R.F. Generator was switched on and the controls operated in the 
manner described in Section 6.1.1. 
(f) At completion of treatment time the platform was lowered so that the 
specimen, whilst still in the tube, was some ｾｩｳｴ｡ｮ｣･＠ away from the 
molybdenum foil susceptor and from the hot zone of the generator 
furnace. 
(g) Hydrogen was circulated through the furnace and the specimen was 
allowed to cool in reducing atmosphere. 
The fall of ｴ･ｭｰ･ｲ｡ｴｵｲｾ＠ vn switching ott th'd E.F(> Generator followed 
the same rate as that observed when using the other processing methods .. 
6. 3. CONTROL EXPERiiVIENTS • 
Control experiments using similar processing techniques, but heating 
the specimen by methods other than high frequency induction, \vere carried 
out for both the solid/solid system alld gas/solid (gas generator) system. 
The gas/solid method using a pack chromium-bearing povvder could not be used 
conveniently since a considerable time leg was experienced in reaching 
processing temperature due to the insulating effect of the material 
surrounding the specimen. 
For the purpose of the control tests a vertical tube furnace ｣｡ｰ｡｢ｬｾ＠
of reaching temperatures up t0 1250°C was used, with a small diameter tube 
so as t·:) ensure adequate heat transfer to the specimen. 
1) For the soltd/solid diffusion experiments hydrogen \vas circulated in 
the tube and, after allowing sufficient; time for the furnace to attain 
a steady temperature, the chromium plated specimen was raised to the 
centre of the ｺｯｮｾＮ＠ The rise in specimen temperatu1•e was measured 
by means of a surface thermocouple. The nominal time of treatment 
was taken when the pyrometer indicated the desired temperature. The 
thermocouple located at the centre of the specimen was also used in 
order to compare rates of heat transfer in the specimen with 
conditions prevailing with high frequency induction heating. 
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2) For gas/solid diffusion oxpuriments the vertical furnace was fitted 
to the gas generator apparatus. The larger diameter tube of the 
generator furnace could easily accommodate the smaller tube, the 
seal being made in the hot zone of the reaction tube so as to 
minimise condensation of chromium bromide at the tube junction. 
The setting of the gas generator was the same as that used for high 
frequency heating tests and the temperature was measured as for the 
solid/solid system. 
EXPERIMENTAL RESULTS . 
- -
IYIEHSUHEMENT OF DEPTH OF DIFFUSION' ZONE o 
As stated earlier, the diffusion zone was defined as the unetched 
layer revealed by a ｾｾ＠ Nital attack on a cross section of the specimen. 
This zone represented the alloy compositions which had a ferritic structure 
at the temperature of the diffusion treatment, i.e. concentrations of more 
than ＱｾＶ＠ chromium. 
Since only the interdiffusion coefficient \vas considered, i .t was 
sufficient to measure the distance of the a - y transition boundary from the 
surface of the specimen. Note was taken of changes in the diameter of the 
specimen, mainly as an indication of the type of deposition reaction. 
The specimens were sectioned transversely in two equal halves, the 
section vJi th the blind hole being used for metallographic examination. The 
section was mounted in thermosetting plastic and polished to normal metallo-
graphic standard, i.e. to 1 micron diamond-povJder finish. Special care had 
to be exercised in order to avoid damage to the outer rim of the specimen 
when polishing, but with practice.this was achieved without undue difficulty. 
The mounted specimen was first examined under the microscope in the 
unetched condition. Pores in the diffusion zone or at the transition 
boundary could be detected at this stage. 
The specimen was then etched in a ｾｦｯ＠ Nital reagent which revealed the 
grain structure of the core without affecting the chromium-rich layero A 
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first measurement of diffusion depth was most conveniently carried out at 
that stage with a micrometer eyepiece fitted to a bench-type metallurgical 
microscope. The accuracy of mea,surement was of the order of 2 microns. 
This was considered adequate in view of the slight ｶｾｲｩ｡ｴｩｯｮｳ＠ in diffusion 
depth observed at different locations on a complete cross section of the 
specimen. Differences of the order of 5 microns were nearly always found 
within one specimen and the acce:?ted value for diffusion depth was an 
average of six readings, taken at regular intervals around the circumference 
of the spacimen and approximated to the nearest micronD 
In some cases larger variations in diffusion depths were observed 
which usually could be attributed to some misalignment of the specimen in 
the inductor zone. Such specimens were ignored for the purpose of estimating 
interdiffusion coefficient but were used for metallographic study of the 
core and coating structures. 
\Vhen dealing with chromium plated specimens Ｈｳｯｬｩｾｳｯｬｩ､＠ system) the 
true diffusion layer could be distinguished clearly from the remaining 
electro-plated chromium by its greater reflectivity; this was due to the 
absence of pores and cracks, which were invariably present in the electro-
plated layer, Fig. l4o 
For these electro-plated specimens another etching was carried out 
in 0.5% sodium hydroxide aqueous solution, electrolytically. Electro-
plated chromium was rapidly etched leaving the remainder of the section 
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FIG. 14. Solid-Solid Diffusion. 
Nital etch - x 250. 
FIG. 15. Solid-Solid Diffusion. 
HC ./Picric etch - x 250. 
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unchanged. A second measurement of diffusion depth was carried out at that 
stage. In general the two measurements were in good ｡ｧｲ･･ｭ･ｮｴｾ＠ · .· 
7.2. ETCHING REAGENTS FOR ｔｬｾ＠ DIFFUSION ZONE. 
The structure of the diffusion zone could be shown by etching in 
hydrochloric/picric acid/alcohol reagent. With this etching reagent the 
grains of the diffusion layer were clearly defined. If a stronger etch ｷ｡ｾ＠
required acid ferric chloride reagent could be used but this solution was 
difficult to control and was used only in a few instances,. Fig. 15. 
7.3. ANALYSIS OF ｔｉｾ＠ ｄｉｾｾｕｓｉｏｎ＠ ZONE. 
The difference in weight of the specimen before and after d.i.ffusion 
treatment was recorded. Note was also tru{en of any change in diameter. 
ｽｾｳｾｩｭ｡ｴｾｯｮ＠ of Chromium ｃｯｮｴ･ｾｴ＠ of ｩｾｾＭｃｯ｡ｴｩｮｧｯ＠
After using one half for microexffiaination the remaining section of the 
specimen was used for estimating the chromium content of the coating. The 
analysis involved the following steps : 
l) The surface area of the test piece was estimated and the core 
was dissolved in a hot solution of nitric acid approximately 20% concentration. 
2) The undissolved chromium-rich shell was removed, rinsed, dried and 
weighed. The solution could be kept for estimating the amount of chromium 
in the core. 
3) The coating was dissolved in dilute sulphuric acid adding a 
few drops of nitric acid when the dissolution vJas complete. 
4) An aliquote part of the solution was taken. Ideally about 
0.02 gms. chromium should be present corresponding to 0.08 - 0.10 gms. of 
coating. 
5) The solution was heated to boiling point, adding approximately 
1 gm. of silver nitrate a.s crystals or .in sol.utior.. \v'hen ｢ｯｩｬｩｾｧＬ＠
about 5 gms. of ammonium persulphate was added, preferably as a strong, 
freshly prepared, solution. The solution was boiled for ten minutes. 
6) Normally, traces of ｭ｡ｮｧｲｵｾ･ｳ･＠ were ignored. Hov1ever, if the 
pink permanganate tinge appeared excessive, strong hydrochloric acid was 
added drop by drop (precipating silver chloride) until the pink tinge had 
disappeared leaving the yellow chromic acid colour. The solution was kept 
simmering during the addition and was then boiled for ten minutes to remove 
chlorine. 
7) An excess of ferrous anwonium sulphate solution was added by 
pipette to the solution and the excess was determined by back titration with 
potassitun permanganate solution. The ferrous ammonium sulphate solution 
contained 22.6 gms. per litre (AR grade), 1 ml. being equivalent to 1 mg. 
chromQum. The potassium permangru1ate solution contained about 1.8 gms. 
per litre and was standardised against the ferrous solution. 
Regular checks were made against standard Potassium Dichromate 
solution. 
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The percentage chromium estimated by such a method represented the 
average chromium content of the stable ferritic diffusion zoneo 
In the case of electro-plated specimens, it was necessary to remove 
the outer layer of plated chromium before proceeding with the analysis. It 
was found possible to strip completely the excess electro-plated chromium 
remaining after diffusion treatment by anodic solutj on in 0 .IJ}6 aqueous sodium 
hydroxide. It practice the electrolysis was allowed to proceed, replacing 
the electrolyte \vith fresh solution from time to time tmtil no further loss 
in weight occurred and no chromium could be detected in the electrolyte. 
Thereafter the analysis was carried out as reported earlier. 
The analysis of the chromium dissolved anodically showed negligible 
amounts of iron so that it could be assumed that little or no diffusion had 
occurred in that layer. 
In view of tho sharp drop in concentration gradient past the a: - y 
transition boundary, only small amounts of chromium could be expected to be 
found outside the stable ferritic layero However, since at low temperatures 
of treatment intergranulur diffusion was observed, such additional chromium 
uptake could not be regarded as negligible. 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ ＭＭＭ - -
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By carrying out a chromium estimation on the solution obtained by 
dissolving the core in nitric acid (step 2 of coating analysis), a smaller 
additional amount of chromium could be found. This was usually ｾＶ＠ of the 
amount of chromium in the stable ferritic zone. 
The total chromium uptake was given as = 
weight of chromium in coating plus weight of chromium in core (U1g) 
-----· ............ -.. ＭｾＬＮＮＬＮＬＮｾ＠ 4 Ｍｾ＠
surface of specimen analysed (cm2) 
Concentration Gradient. 
&. ....., ...... """" .................. __ • 
On a limited number of specimens processed under different 
experimental conditions attempts were made to estime .. te the concentration of 
chromium as a function of distance from the surface. 
Successive thin layers of the coating (10-20 microns) were obtained 
as turnings by careful machining in a precision lathe. Because of small 
irregularities in the profile of the surface the estimated chromium content 
in the outermost 5-10 microns was the least reproducible, particularly in the 
case of specimens of the solid/solid system. In this case the value 
obtained represented an average content which included a sharp ｣ｯｮ｣･ｮｴｲ｡ｴｩｯｾ＠
f f h b .1 d( 61) G b ( 62) drop rom the sur ace, as s ovJn y Ｑｾ＠ alaman and or unov • 
ｾｹｰ･ｳＧ＠ of Diffusion Reaction. 
Since interchange reaction takes place with only negligible change in 
L------------------------------------------ --- . 
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weight, whilst both reduction and thermal dissociation result in a weight 
increase equal to that of deposited chromium, it was possible to estimate 
the relative part played by these reactions for gas/solid systems knowing 
the value of the ratio ｾ＠ where x is the weight increase of the specimen in 
y 
mg. per cm2 and y is the tot·al chromium uptake in mg. per crn2 • •rhus, a 
1 f 0 5 f th t . X va ue o • or e ra 10 _ y corresponds approximately to equal contributions 
of chromium deposition from interchange and from reduction or thermal 
dissociation reactions. 
lVIeasurements of diameter changes also provided additional indication 
of the nature of the reactions since both reduction and thermal dissociation 
resulted in a measureable dimensional change, whilst interchange has no 
apparent effect for atoms of similar size, such as chromium and iron. 
In general, comparison of results obtained by weight change and 
analysis wi tl1 those obtained by micrometer measurement led to good agreement, 
o.lthough only the former method was entirely reliable. 
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7o4o RESULTS OF ｓｙｓｔｅｾｦｦｩｔｉｃ＠ TESTS 
In view of the large number of experiments, some of the results 
are most conveniently presented in graphical formo 
7.4.1. Calculation of Diffusion Coefficients 
--
The relationslup between depth of diffusion layer, x, and time, t, 
at 1000, 1100 and 1200°C is shown for different conditions of treatment in 
Figs. 16(a) to 23(a). 
2 Using the same data, plots of x versus t are shown in Figs. 
16(b) to 23(b). 
For each experimental condition (method/temperature/time), the 
results quoted have been obtained from examination of at least three 
specimens, processed ｩｮ､･ｰ･ｮ､ｾｾｴｬｹｯ＠ Some typical values of depth of 
diffusion, chromium content of diffusion layer and other relevant data, are 
given in table form in Appendix V. 
In order to draw the curves corresponding to any series of tests 
using high-frequency heating, it was necessary to correct the values obtained 
experimentally since the actual temperature of treatment was generally a few 
degrees ｬｯ｜ｾ･ｲ＠ or higher than the desired nominal temperature. 
The procedure adopted in this case was to calculate the value of 
the interdiffusion coefficient D for the actual temperature of the test 
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A, being given the appropriate value depending on the chromium 
concentration at the surface and at the a. - y transitioa boundary. 
Whenever minor temperature fluctuations were observed, the value 
of D was corrected according to the approximation method given in 
Appendix IV. After plotting a number of such calculated values of D for 
different test temperatures on a Log D versus 1/T graph, Log D for the 
nominal treatment temperatures could be estimated and the corresponding 
values of x calculated to a close approximation. The activation energies 
calculated on this basis ranged from 56,000 to 58,000 cal.mole. 
This procedure proved satisfactory for most series of experiments 
with the exception of those conducted at 2 Mcs frequency by the two gas-
solid methods. In these cases, at temperatures of 1100°0 and 1200°C, the 
values for D calculated from experimental data for short treatments (1 to 3 
minutes) were distinctly larger than those corresponding to longer 
processing times. Accordingly, the depth of diffusion versus time 
relationship did not follow a parabolic law as would be expected if 
equation (21) applied. 
1 Rectilinear plots of Log D versus /T based on figures obtained 
from tests of different duration could not be drawn since the values of D 
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for a given temperature varied according to the time of treatment. 
However, if values of D at different temperatures were calculated 
1 from specimens processed for equal times, the Log D versus /T plots were 
straight lines within close approximation and it was then possible to derive 
napparent" activation energies, each corresponding to a given time at 
temperature. Fig. 27(b). 
Invariably, apparent activation energies for short treatments were 
greater than those calculated for treatments of 10 minutes or more, the 
latter being of the order of 56 to 57,000 cal.mol., i.e., practically equal 
to the values obtained for all other test conditions, including control 
experiments. 
7o4.2. Chromium Content of Diffusion Layers. 
Total chromium uptake and average chromium content of the diffusion 
layers were determined for approximately one third of the specimens 
processed. These results are shown in table form in Appendix Vo 
The average chromium content of the diffusion layer varied from a 
minimum of 15.8% (specimen of the gas/solid (generator) series treated at 
1200°C at 2 Mcs. frequency) to a maximum of ＳＵＮｾ｢＠ (control specimen of the 
solid/solid series treated at 1000°0). 
\'Jhilst there is considerable variation in the average chromium 
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content from one series to another and from one temperature to another 
within the same series, the scatter between individual specimens of the 
same series, treated at ｡ｾｹ＠ given temperature;is relatively small, i.e., 
from 2 to 4%. 
Certain general trends are evident 
a) For all experimental conditions the average chromium content of 
the diffusion layer decreases as the treatment temperature 
increases. 
b) Higher chromium contents are invariably obtained with specimens 
of the solid/solid as compared to the gas/solid methods. 
c) For ru1y particular method, control specimens have a higher average 
chromium content than those heated by induction. 
d) J?or the gas-solid methods, specimens treated at 0.5 I'1cs have a 
higher average chromium content than those treated ｾｴﾷＲＮＰＺｍ｀ｳ＠ •. 
frequency. 
?.4.3. Total Chromium ｵｰｴＮｾ･＠ and Types of Reactiono 
For gas/solid reactions, whenever a weight change is observed after 
treatment, it can be concluded that part of the deposition process is due 
to hydrogen reduction of chromium bromide vapour, since interchange reaction 
105. 
occurs without measurable weight change. 
Using the method outlined in Section ?.3.4., the relative 
importance of interchange, and reduction reactions can be summarised as 
follows : 
Tempe ｲ｡ｴｾ＠ = 1100°C (Gas/solid (Generator) method). 
Control Tests ::: Interchange 7:ffi Reduction 2% 
0.5 Mcs Tests = 
" 
80% n 2Wo 
2.0 ｬＧＭｾｬ｣ｳ＠ ·Tests = n ＸＵｾ｢＠ H 15'fo 
Temperature = 1200°C 
For all Tests :::: Interchange 100% Reduction Nil 
With the gas/solid (powder) method, it was not possible to run 
control tests, but results obtained on specimens treated at 0.5 and 2.0 ｾｩ｣ｳ＠
were annost identical to those reported above for the gas/solid (generator) 
methodo 
At a temperature range of 1000°C 1 there was considerable scatter in 
the results, presumably because of the relatively small chromium uptake, 
but there was indication that reduction contributed as much as 40% of the 
total chromium uptake - See Appendix V. 
?.4.4. Qoncentration gradients in diffusion layer. 
Analyses of thin layers removed from the specimens are given in 
Figs. 24 and 25. 
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Average concentration gradients for the solid/solid method (20 
minutes at 1100°C) are shown in ｆｩｧＮＲｌｾＮ＠ In this case, the chromium 
concentration at the surface is 100}6. The average chromium content 
estimated by analyses of turnings obtained from the first 10 to 15 microns 
from the surface varies from 70 to 800;6. Thereafter, the chromium 
concentration falls steadily to approximately 1296, at \vhich point there is 
an abrupt drop which corresponds to the e<,/y boundary at processing 
temperature. 
Results of analyses on specimens treated at 1200°C for 20 minutes 
by the gas/solid (generator) method are shown in Fig.25. The average 
chromium content is invariably lower than that for specimens treated by 
the solid/solid method and extrapolation of the curves indicates that the 
chromium content at the surface is most probably of the order of 60 to 70%. 
For all specimens treated by the gas/solid method, the 
concentration gradient follows much the same pattern and a surface 
chromium concentration of 70'}6 may be accepted as a -fair average for 
estimating the value of coefficient A of equation (21). 
These results are in general agreement with those reported by 
Other k (59,60,61,62) wor ers • 
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7 .J+.5o · Microstructure. 
Microstructures of diffusion layers obtained on gas/solid (generator) 
control specimens are sho\'Jn in Figo28 (a,b,q).- ., 
Fig.28a shows a Nital-etched section of a specimen treated at ｬｾＰＰﾰｃ＠
for 3 minutes. 
Fig.28b sho\vs the diffusion layer for a treatment of 20 minutes at 
the same temperature. Another section of the same specimen, etched in 
hydrochloric-picric ｡ｾｩ､＠ reagent is shown in Fig.28C'o 
In all cases, there has been considerable grain growth. There is 
indication of the onset of a colutmu1r pattern in the chromium rich layer in 
Figo28c. 
Intergranular diffusion can only be observed on specimens treated 
at relatively low temperature (1000°C). Two examples are shown in 
Fig.29 (a and b). A strong Nital etch is necessary to sho\v this effect 
clearly and, as a consequence, the iron core becomes deeply pitted. 
Fig.29c, a section of a specimen treated at ll00°C, etched in the 
srune manner, does not show intergranular diffusion. 
The microstructure of specimens treated at 1200°C by the gas/solid 
(powder) method is illustrated in Fig.30 (a-Nital etch and b-hydrochloric 
picric acid etch). The specimen was treated at 1200°C for 3 minutes at a 
frequency of 0.5 iVIes. 
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Some of the powder material surrounding the specimen duri:ng 
treatment adheres to the surface but it can be distinguished clearly from 
the true diffusion layer after etching. 
Specimens treated by the gas/solid (Generator) method have a clean 
surface as shown in Fig.31 (a-Nital etch, b-hydrochloric picric acid etch) 
which is a section of a specimen treated at 1200°C for 3 minutes at a 
frequency of 2.0 Mcs. A columnar pattern is noticeable in the etched 
diffusion layer shown in Fig.31Q •• 
Metallographic examination does not reveal any difference in 
structure of the diffusion layer or of the substrate between control 
specimens and others treated by induction heating. 
FIG. 28. 
. . . 
··;·. ::·/ 
. . 
, 
... 
• 
a) Gas/Solid (Generator) - 1200°C - 3 minutes . 
Nital etch. 
b) Gas/Solid (Generator) - 1200°C - 20 ninutes . 
ｬｾｩｴ｡ｬ＠ etch . 
c) Gas/Solid (G uerator) - 1200°C - 20 minutes . 
HCt/Picric etchQ 
ｐｨｯｴｯ ｮ ｵ｣ｲｯｧｾ｡ｰｨｳ＠ of control specimens - x 100 . 
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a) Gas/Solid (Powder). 
1000°C - 30 minutes 
0.5 Mcs. - x 100 
b) Solid/Solid. 
1000°C - 10 minutes 
0.5 Mcs. - x 250. 
c) Solid/Solid. 
1000°C - 3 m·inutes 
0.5 Mcs. - x 250. 
FIG. 29. Photomicrographs showing !ntergranular Diffusion. 
Strong Nital etch. 
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• . •• • Ｍ ｾ ｩ＠
. ﾷｾ＠ . -........._ 
- • . ·. . 
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Ｍ ｾ＠ . 
a) 1200°C - 3 roinutes - Nital etch . 
- . . 
.. Ｚ Ｎ ｾ ＾ ｟ＺｾＺｽ ｾ［＠
b) 1200°C - 3 minutes - ｈｃｴＯｐｩ｣ｬｾ｣＠ etch. 
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FIG. 30. Ｎｐ ｨｯｴｯｭｩ｣ｾＢＧｯｧｲ｡ｰｨｳ＠ of gas/Sol:d (Powder) Specimen. 
0 5 M'.::S o - X 100 
FIGD 31 . 
ll5. 
a) 1200°C - 3 minutes - Nital etch . 
ｾ ＭＭＭＭ Ｍ Ｍ Ｇ＠ l 
.--- .. . . .. ·' . 
· • · I t -· - .. • 
I 
. I 
'- . ., 
0 
' . 
b) 1200°C - 3 minutes - HCt/Picric etch. 
Photomicrographs of Gas/Solid (Generator) Specimen . 
2 . 0 Ncse - x 100. 
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8. DISCUSSION 
8.1. EFF'ECTS OF INDUCTION HEATING ON THE DEPOSITION REACTION 
Comparison of weight changes and chrorr.ium uptake for specimens 
processed in the gas phase (gas generator) indicates that, at a temperature 
range of 1200°C, the reaction proceeds almost exclusively by interchange 
between chronuum bromide gas and the iron surface. 
At ll00°C, control specimens show a weight gain which suggests that 
part of the chromium deposition is due to a reduction reaction. Reduction 
contributes approximately 25% of the total uptake. Specimens processed at 
0.5 Mas and 2 Mcs show a smaller weight increase corresponding to 15 to 20% 
uptake by reduction. 
The average chromium content of specimens processed by induction 
heating is invariably lower than that of control samples. This is 
particularly marked in specimens treated at 2 Mos. 
An idea of the relative rates of reaction corresponding to control 
and induction heated specimens is given by the ratio (total chromium uptake 
of specimen) over (total chromium uptake of control) for experiments of the 
same duration. 
Some typical examples are ｳｨｯｾＱ＠ in Table 2. 
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TABLE 2 
Gas/solid System (Gas Generator) - 20 minutes at temperature 
J Ｍ ﾷ ＭＭﾷ ﾷ ﾷﾷ ﾷ ＭﾷＭ ﾷ ﾷ ﾷ ﾷ ＭＭ Ｍ Ｍ Ｍ Ｍ ｾＭＭＭＭＭ｣ｾｾｴＭｲｯｬﾷ ﾷ Ｍ 0.5 Mos.. 2 Mesa 
: 
.J_ .. - · -- - ----· ＭＭＭｾＭＭＭＭ ·--·-· ....... ·-------. -----4--·---·- --- r----- - -
I Temperature : Cr · Uptake ! Or I Uptake ) Cr I Uptake 0 0 : Content l ratio I Content I ratio 11 Content ratio I I I I ﾷ ｴｾ＠ Ｍ Ｍ ｾＭ --- ---- ＭＭ ﾷ ﾷ Ｍ Ｍ Ｍｾ Ｍ ＡＭ ﾷ＠ Ｍ ＭｾｾＭＭＭＭｾＭＭＭＭ - ＭｾＭＭ Ｍ ＭＭ ｾＭ !· -- ___ J___ lC __ ｾｪ＠ _____ _ --
1 1100 ; 26.4 I 1 ｾ＠ 22.2 I lfl72 \ 20.4 I 2.1 
. , 1 I 
I : ; ! I i I 
1 1200 1 23.4 : 1 l' 19.8 : 1.27 1 16.3 I 1.94 
i - ------ ·- .. - ... .. - ···----"'-- _____ _ _J __ --- - · ····- ﾷＭ Ｍｾ Ｍ Ｍ Ｍ ﾷ Ｍ Ｍ -· ----- - i---·-·----· ---_j_···--- -- -····---·- ----·-------, 
At 1200°C, the rate of chromium uptake for specimens procesa3d at 
2 Mcs is approximately twice that of the control specimens. This observation 
is consistent with the fact that the rate of interchange reaction is 
controlled by the activity of iron at the surface cmd, consequently, depends 
on the rate of diffusion of chromium atoms in the substrate. 
In terms of thickness of diffusion layers, the chromiwn rich zone for. 
control specimens is of the order of 65 microns for 20 minutes at 1200°C, 
and approximately 160 microns for specimens processe.d at 2 Ivies frequency, 
i.e. a factor of x2.5. 
The relatively low concentration of chromium in the diffusion layer 
of the latter is an indication that the interchange reaction does not keep up 
strictly with the increase in diffusion rate. The conditions prevailing in 
the control experiments ensure an adequate supply of chromium bromide gas 
and saturation is rapidly ｡ｴｴ｡ｩｮ･､ｾ＠ It is probable that no such saturation 
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is possible when diffusion rates are increased appreciably. 
The effect of high frequency heating is to accelerate diffusion and 
to that extent the rate of interchange or reduction reaction is increased. 
There is no evidence that the use of an el·.)Ctromagnetic method of heating has 
any influence 0 pG·r se" on the kinetics of deposition reactiono 
8o2. ｾｔｒｏｌ＠ EXPERIMENTS 
Both solid/solid and gas/solid methods gave results of the same order 
for treatments of up to 30 minutes' duration5 The scatter for the measured 
depth of diffusion \vas relatively small but was noticeable, particularly for 
short treatments (3 to 5 minutes) at the lo\ver range of temperature o 
Plotting the squares of the diffusion depth against treatment time, 
the results fall closely along a series of straight lineso The slope for 
the solid/solid system is slightly different from that relating to the gas/ 
solid experiments, the respective values being approxlinately 4 and 3.5. 
This result could be anticipated since the equilibrium chromium concentration 
at the surface of the specimen during reaction in the gas phase never reaches 
the 100% concentration of the solid/solid diffusion coupleo 
In the approximate equation 
2 
X = 4ADt oooe••••••• (21) 
the ratio-concentration at the surface over concentration at boundary -
determines the value of 1\ which can be calculated from the Gaussian error 
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function , ( 20b) • 
On that basis the value of A for the solid/solid system is approxi-
mately unity, whilst for the gas/solid system it is of the order of 0.85 to 
Oe87 which indicates an equilibrium surface concentration of chromium of 
65-?0fo. This is also borne out by the concentration against depth curve 
in Figs 24 and 25, relating to · treatments at 1100 and l200°Cp 
This is in good agreement vlith values obtained by Becker, Daeves and 
Steinberg( 44), Hoar and Croom(56), Samuel and Lockington(5?) and Gorbunov( 62) 
for gas phase reactions at temperatures of 1000 to 1200°C. 
The calculated diffusion coefficients for the three principal 
temperatures are given in Table 3. 
TABLE 3 • 
. ---------___,..-------··--;i---
D (xlo9 cm2/sec) j 
--·-----------Other Sources 
0.3 Hoar & Croom(5G) 
0,35 Campbell et al(G4) (5?) 0.41 Samuel & Lockington 
(56) l.Ltq Hoar & Croom (5?) 1.43 ｓ｡ｭｵ･ｴＭ Ｖ ｾＩｌｯ｣ｫｩｮｧｴｯｮ＠2.5 Grube (G4) 0.8-1.2 Campbell et al 
ﾷＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭ
6ol7 Grube(G5) 
(64) Ca.9.7 Campbell et al (5?) 7.1 Samuel & Lockington 
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The experimental results are in fair agreement with published data 
and it appears that even for treatments of short duration tl1e departure from 
parabolic relationship between depth of diffusion and time at temperature is 
cnly slight. However, at temperatures above ll00°C the values of ｾ＠
calculated fron1 the present experimental results are somewhat higher than 
ｾｶ･ｲ｡ｧ･＠ values reported earlier. 
It is evident that durir..g the early stages of diffusion the effects 
of surface imperfections, grain boundary orientat:L0n and other structural 
characteristics are more pronounced than when a steady diffusion condition 
ｬｵｾｳ＠ been attained. The influence of these non··steady conditions on the 
measured diffusion rate is relatively small. 
The apparent energy of activation for both solid/solid and gas/solid 
systems has been determined by plotting log D against 1/T (Fig. 27 ). For 
the solid/solid system the value of Q has been calculated and is of the ｯｲ､ｾｲ＠
of 56,500 Cal/Mole over the temperature range 1000 - 1200°Co The equiva-
lent value for the gas/solid system over the temperature ｲｾｮｧ･＠ 1100 - 1200°0 
is 56,200 Cal/Mole. 
These fieures compare \a th 58,000 Cal/iVlole calculated from Campbell 
ct al results(64), 57,000 Gal/Mole quoted by Hoar and Croom(56 ) and 
57- 59,000 Cal/Mole reported by Samuel and Lockington(5?)o The values 
calculated for these tests of short duration are somewhat lower than those 
reported above but are of the same order of magnitude. It is doubtful 
\\Thether any significance should be attached to this relatively small 
121. 
､ｩｦｦ･ｲ･ｮ｣･ｾ＠
With regard to the structure of the diffusion layers, a noteworthy 
feature is the extent of intergranular diffusion which can be observed for 
treatments of short duration at l,000°C and, to a lesser extent, at 1100°C 
(see Fig. 29). This intergranular effect has been ignored for the purpose 
of measuring the depth of interdiffueion but it is reflected in the increased 
value of chromium uptake found or. specimens of this type. 
It should also be noted that the columnar structure, which is so 
often associated with diffusion layers of this nature is only observed in 
treatments of 15 minutes or more. In specimens processed for shorter periods 
the grain structure of the diffusion layer is mainly equiaJCial. 
TESTS AT ｆｒｅｑｉｄｩｬｬｾｃｙ＠ RANGE 0.5 Mcs. 
All these tests follow much the same pattern and the values of 
diffusion coefficients and calculated energies of activation for the 
different methods are shown in Table 1-t o 
122o 
TABLE 4 
Irrespective of the method of treatment; the values of the diffusion 
coefficient at the three principal temperatures are of the same order and 
noticeably higher than those obtained for the control experiments. The energ;y 
of activation is very near that calculated for ｾｨ･＠ tests carried out in the 
absence of nn electro-magnetic induction field. 
The increase in diffusion rate appears to be due to an acceleration 
in a transport mechanism which is common to all three processing methods. 
The structures of ·che diffusion layers are similar to those obtained on 
specimens treated for control. 
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8.LI. ｾｓ＠ AT lt.,HECtUENCY RAN"GE 2 Mcs. 
The values of the diffusion coefficients are shown in Table 5. 
TABLE 5. 
-·· .. ·- .- - ·-···--...· . ＮＮＭＭＭＬｾ＠ .... Ｍ Ｍ ＭＭｾﾷ＠ - -- - . ___ .. ..... .. -.--- - ........ ｾ＠ ... ----
________ .. _ .. _______ . ---
Temperature 
oc 
1000 
. ... ____ ..... ---.---··----·-· ..... ..... - . 
1100 
1200 I 
Solid - solid Gns - solid (P) Gas - solid (G) 
Single value Initial Final Initial Final 
---------+----- -- ·- ··-···-- -·----
2.5 Not determined 
.. . - -····-------··--+----------------· 
12.1 I 14.1 15.1 
.,·--·-···---------1-··---------------
1 1 113.1 54.8 117 cs4 60.0 
ﾷｾ ﾷ ＭＭＭＭＭ Ｍ ＭＭＭｾＭﾷＭＭＭ ｾ ＫＭﾷＭＭＭＭﾷ＠ ＭｴｾｾＮＴＰＰ＠ ___ 57:·100 166,200 Activation energy l 
I : 
··---------- ---·-·-·- ·---_1 __ 
! _____ ｾｩｮｾＺｬＯｍｯｬ･Ｉ＠ ._ ..... 1__ 57,850 56,700 
For the solid-solid series of tests the calculated values of the 
diffusion coefficient are somewhat higher but in fair agreement with the 
results obtained at the lower frequency range. This similarity is also 
maintained with specimens of both the gas/solid series treated at 1000°0. 
Hov.,rever, at higher temperatures of treatment, the comparison is no 
longer possible since the depth of diffusion-time relationship does not 
follow the expected simple parabolic law. 
The values of D calculated for different times at 1200°0 at 
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TABLE 6 
Gas/solid (Pewder ). ·':" 2 Mcs. ., 1200°C 
--
___ ... 
. I l Time Depth of diffusion layer Diffusion coefficient D x 9 2 I 10 em /sec.! 
(seconds) (microns) 
! 
60 50 0 - 60" 
-
113.1 
I 60 11 - 180" - 93.7 
180 76 180" 
- 300" 
-
77.5 
300 I 92 300" 
- 600" 62.1 -
I 600 119 600'1 - 1200 11 
-
54.0 
I 
. 
1200 160 I 1200'' - 1800 11 - 54.1 
1800 192 I 54.8 I 
t 
I 
\ i 
These results are shown graphically in Fig£. 22 and 23. 
Although the apparent energies of activation for initial diffusiqn 
rates are shown (in Table 5) these values cannot be related strictly to a 
simple controlling mechanism. 
It is possible, for instance, to calculate different apparent 
energies of activation corresponding to the values of D at 1200, 1100 and 
1000°C for shorter or longer times of treatment. 
The calculated values of D at 1100°C for the gas/solid (po\ltder) 
specimens at 2 Mcs. frequency range are shown in Table 7. 
I 
l 
J 
-, 
I 
l 
I 
f 
i 
i 
I 
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TABLE 7 
ｾｱｾ｡ｾｳＯｾｳｾｯｾｬｾＱＭﾷ､ｾＨｾｰｾｯｾｷｾ､ｾ･ｾｲｾＩＭＭＭＭＭＭＭＭＭＭｾＲ｟ｍ＠ __ ｣ｳｾﾷＭＭＭＭＭｾ＠ __ l_l_OQ:Q 
ＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾｾＭＭｾｦ＠
Time J Depth of Diffusion layer Diffusion coefficient D x ＱＰ Ｙ ｣ｭ Ｒ Ｏｳ･｣ｾ＠
(seconds) j (Microns) 
60 20 0 - 60" 19.2 
ＭＭＭＭＭＭＭ ﾷ Ｍ ﾷ ＭＭ ﾷ ｾ＠ .. --------·- ____ ... _._.._._ ___ --- ----·----·-·------- -. ·- · -----·-...-----···- -
180 34 60 - 180" 18.1 
ＭＭＭＭＭﾷＭＭＭＱＭＭＭ Ｍ Ｍﾷ ＭＭＭＭＭＭＭＭＭＭＭＭﾷＭｦＭＭＭＭﾥ ﾷ ＭＭＭＭＭＭ Ｍ ＭＭＭＭＭＭＭＭ ｾ ＭＭＭ Ｍﾷ ＭＭ Ｍ Ｍ Ｍ Ｍﾷ＠ ---- ---
300 43 180 - 300" - 16.4 
-----t----- ----------------1----·------- ----··------------
600 58 300 - 600" - 14.3 
ｾＭＭＭＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭ Ｍ ＭＭＭＭＭＭＭＭＴＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭ
:t-800 97 600 - lSOO" - 14.1 
Plotting the values of Log. D at 1200, 1100 and 1000°C for 
different times of treatment, one can draw a series of straight lines with 
elopes corresponding to the apparent activation energies, varying from 
66,4oO Cal/Molo for the shorter treatments to 57,100 Cal/Mol. for treatments 
of 300 seconds or longer. 
Such a family of curves is shown in Fig. 27b. 
The point of convergence of these lines lies close to a temper-
ature of 1000°C, but no special significance should be attached to this fact. 
However, there is evidence of a change in the tnechanism of the diffusion 
process for these particular experimental conditions. 
It is clear that only the lower values of D can be used for the 
purpose of calculating a meaningful activation energy and that the values 
obtained for short treatments indicate the effect of a more complex 
mechanism. 
8.5 •. OVERALL ASPECTS. 
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When comparing the results of control experiments with those of 
tests carried out with high frequency induction heating, it is apparent 
that increased rates of diffusion are obtained at equivalent temperatures 
when heating is provided by electro-magnetic induction. 
At frequencies of the order of 0.5 Mos. the calculated values of 
D for induction-heated specimens are larger than those for the controls by ｾ＠
factor of approximately 5, irrespective of the method of chromium ､･ｰｯｳｩｴｩｯｮｾ＠
At frequencies of 2 Mcs. the results obtained on chromium plated 
specimens are also of the same order. However, when chromium is deposited 
from the gas phase at temperatures above 1000°C, the initial rate of 
diffusion is substantially higher and may reach 12 to 14 times the value 
obtained in control experiments. The rate of diffusion then gradually 
reduces to a level only slightly higher than that observed at 0.5 Mcs. 
frequency. 
The nearly constant value of the energy of activation for most 
treatment conditions suggests that in these cases the observed increase in 
diffusion rate does not involve a change in the basic mechanism of the 
movement of substitutional chromium atoms in the iron lattice. 
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In terms of the conventional equation 
-0/ D .:::: Do e /RT ••••••••• (10) 
relating the value of the diffusion coefficient to treatment temperature, the 
experimental results can be accounted for by an increase in the value of the 
frequency factor D proportional to the observed acceleration effect. 
0 
Thus, if D if the frequency factor corresponding to control 
0 
experiments and D (HF) corresponds to experiments carried out at Oo5 Mos. 
0 
frequency 
Do (HF) ｾＺｾ＠ 5 Do 
By substituting D (HF) to D in equation (10) 
0 0 
experimental values obtained for tests at that frequency will be obtained. 
The significance of this assumption will be discussed later. 
However, no such simple modification to the parameters of 
equation (10) 
can account for the departure from the parabolic law of the depth of 
diffusion against time curves relating to series of gas chromising tests 
conducted at temperatures above 1100°C at 2 Mcs. frequency. 
This fact can be appreciated by comparing the values of the 
diffusion coefficients for control experiments and for experiments in the 
ｧｾｳＯｳｯｬｩ､＠ (gas generator) series, which are given in Table 8. 
128. 
The calculated values of D are given at 1100 and 1200°C for 
different times of treatment and the approximate ratios D (HF) are given 
0 
in the last two columns Do 
Time 
(seconds) 
TABLE 8 
Gas(solid (gas generator) 
Contro9 T2sts 
D0 x 10 em /sec. 
Tests at92 ｾ｣ｳＮ＠ Approx. ratio D0 (HF( x 10 em /sec. 1 ｄｯＨｈｆｾｄｯ＠ __ 
ＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭｾＭＭＭＭﾷＭＭＭＭＭＫＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾﾷＭＭＭＭＭＭｾＭＭＭＭｾＭ 1 I : 
60 
180 
300 
600 
1800 
I 
I constant 
i 
l 
! 
I at 
i 2.2 
j 
I 
i 
l 
I 
1200°0 
f 
i 
J I constant 
i 
{ at 
1 8.8 
I 
j 
20.3 
18.8 
16.8 
1200°C 
··117.4 I 
! 
95.2 
I 
79.0 I 
' 12_ 
60.4 
1100°C ! 1200°0 I 
9.2 
7 
i 13.3 
i 10.8 
! 
I 
I 
I 
8.9 
I 15.1 ! 6o. o f 7 1 6. a I ＭＭＭＭﾷＭＭＭＭＭＭＭＭｾｩＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭｾＡｾＭＭＭＭＭＭＭＭｾＧＭＭＭＭＭＭＭＭｾＧＭＭＭＭＭＭＭＭＭ Ｇ ＭＭＭＭｲＭＭＱ＠
Whilst the ratio D HF 
0 
D 
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is practically constant and of the order of 5 for 
all tests conducted0 at 0.5 Mos. frequency range nnd also for solid/solid 
experiments and low temperature gas phase tests conducted at 2 Mos. (ratio 
approximately 6), there is a wide variation in the ratios for the tests 
considered in Table 8, at least during the early stages of the diffusion 
process. 
It is evident that conditions prevail at or near the surface of the 
specimens leading to a diffusion mechanism \-.rhich is not adequately 
represented by equation 
J) (:LO) 
on the assumption that D is constant during the formation of the diffusion 
0 
layer a 
If D is a function of solute concentration Q will also be 
related to it and the lines corresponding to Log. D against 1/T 
will not be panallel to each other. 
The only detailed work on the variation of D in function of 
. (62) 
concentration for the system iron/chromium was reported by Gorbunov 
using radioactive tracer techniques to determine chromium concentration at 
various depths. 
On chromium-plated ARMCO iron specimens at l,000°C Gorbunov found 
a chromium concentration of ＸＳｾＶ＠ at a distance of 8 microns from the surface 
---------------------------------------------- - -
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ru1d a corresponding value for D of 0.24 x 10-9 cm2/sec. At a distance of 
60 microns from the surface the chromium concentration was 33.6% and the 
corresponding value of D was 0.06 x 10-9 cm2/sec. At 900°C there was a 
similar concentration dependance of the value of D. In all cases the value 
of the diffusion coefficient was reduced with ｾ＠ lower ｣ｯｮ｣･ｮｴｲ｡ｴｾｰｮ＠ of 
solute, 
It must be remembered that the values of D calculated by Gorbunov 
correspond to the real diffusion coefficient and not to the compound values 
determined fro1n the movement of a boundary layer of fixed concentration. 
In the present investigation the concentration curves relating to 
specimens where the surface effect was most pronounced (E,igo25 ) show a 
surface chromium concentration of the order of 65% and a rapid decrease to 
a nearly constant level thereaftero vlliilst it is not possible altogether tp 
rule out the influence of concentration on the large increases in the initial 
diffusion rates this clearly does not provide an .adequate explanation, since 
this effect would be expected to be more pronounced on specimens where 
chromium concentration at the surface is high, ･Ｎｧｾ＠ solid/solid couples. 
For the purpose of this discussion it is convenient to distinguish between 
the effects of high frequency induction heating which are common to all 
experiments and those specific effects observed at the higher frequency range, 
when deposition is effected in the gas phase. 
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8.6 COMMON EFFECTS. 
When an iron specimen is heated in an induction coil at a 
frequency of 0.5 Meso the approximate zero time function shows that the 
theoretical depth of current penetration is of the order of 25 microns. 
At 2 Mcs. the equivalent depth would be approximately 15 microns. As 
temperature rises the depth of penetration becomes greater, due to a gradual 
increase in resistivity and to a decrease in the magnetic permeability of 
the iron. Although the concentration of eddy currents is localised near 
the surface, the heated zone is considerably deeper due to thermal 
conduction. 
The oscillating electro-magnetic field which is responsible for 
the generation of heat causes stresses tbrough the ·whole depth of the thermal 
gradient through the material. These stresses and, consequently, strains, 
may be due in part to a thermal expansion effect which is concentrated near 
the surface and which results in an uneven stre3s distribution from the 
surface inwards. 
In addition, the larger imperfections in the iron lattice, such 
as grain and sub-grain boundaries and line dislocations, interfere with the 
regular distribution of thermal energy. Thermal gradients of substantial 
magnitude may be created on a sub-microscopic scale within the eddy current 
zone and its immediate substrate. Such conditions may produce localised 
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m0chnnical stresses, the intensity of which will vary at a rate related to 
the frequency of the induced current. 
Grain boundaries of all types and jogs in dislocations are the 
main sources of vacant sites and whenever strains are appl:i-eO. there will be 
an increase in the density of vacant sites in the immediate neighbourhood 
of the line defect. 
Mott( 65) has shown that the concentration "c" of defects for a 
strained metal can be related approximately to the strain E. (assumed to be 
very small) according to the expression 
-It 
C,. ｾ＠ lO f 
The diffusion coefficient under conditions of strain could be expressed as 
D= c.o.lY.e-.%T 
With ｡ｾ＠ being of the order of 10-2 , the expression becomes 
D ｾ＠ 1 o-.b c e- ,%.,.. 
The value of U was difficult to estimate but was of the order of one-third 
of the activation energy for self-diffusion, ru •. e. approximately 22,000 ｃ｡ｬＯｍＹｬｾ＠
for gamma-iron. 
Such an approximation may be used to estimate the possible effect 
of small cyclic stresses on the formation of point defects from line 
dislocations. Tru{ing an average dislocation length of 10-4 em. for a 
metal lattice, Mason( 66) has shown that the resonant frequency should be 
about 1,000 Mcs. If there is no preferential directional effect in the 
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formation of vacant sites from dislocation jogs the frequency at which 
point defects will be formed will follow an expression of the form 
Fvs _ .. ｾ､＠ e- %T 
where \) d. is the resonant frequency of the dislocation and U can be 
approximated to the activation energy for formation of vacant sites under 
conditions of strains following Matt's reasoning, e.g. approximately 
22,000 Cal/Mol e. 
Substituting appropriate values in this equation the frequency of 
vacant site formation in unit time at l200°C for this strain mechanism 
should be 
This indicates only an order of magnitude. The frequency of formation of 
point defects is associated with a lattice readjustment introducing a 
related strain. 
Such a mechanism will not operate under conditions of steady thermal 
･ｮｾｲｧｹ＠ distribution but if a mechanical or thermal oscillating stress of 
appropriate frequency is applied this can result in an increased rate of 
vacant site formation with consequent absorption of energy. This effect 
is not without similarity with the internal friction phenomena described in 
Section 2.3. 
Although the mechanism for the formation of vacant sites in strained 
metals postulates a reduced activation energy, this need not affect 
seriously the total energy of activation of the substitutional diffusion 
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process since the energy required for vacant site formation is only one of 
the components of Q and is not strongly temperature dependent. Thus, the 
net result of such a mechanism will be to make available for the 
substitution process a larger number of point defects at any time than would 
be predicted by statistical theory applicable to equilibrium or steady 
temperature conditions. 
In terms of equation - ｾ Ｍ
])=-Do e RT 
ｾﾷﾷﾷﾷﾷﾷﾷﾷ＠ (10) 
this is equivalent to making Do (HF) larger than Do. Reverting to Zener's 
･ｾｾｲ･ｳｳｩｯｮ＠ for D0 = 
•<t••····· (12) 
the increase in the value of D0 must be related to a change of entropy, a 
conclusion which could be derived logically from simple thermodynamic· 
considerations, if one assumes an increase in number of vacant sites. 
Since the formation of vacancies is associated with more than one 
type of dislocation or lattice imperfection, an increase in the rate of 
vacancy formation should occur over a broad range of frequencies provided 
cyclic thermal stresses can be produced. 
It is probable that the frequency band within which this mechanism 
can operate extends over several orders of magnitude, possibly from 103 to 
109 c.p.s., depending on which type of lattice defect is capable of 
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responding to the induction field. 
The magnitude of the effect should be associated with the value 
of the microstrain induced and, for this reason, the lower range of 
frequency, i.e. 103 - 105 c.p.s., may produce relatively more severe 
strain than the higher frequency levels., This could account for the 
unusually high diffusion rates reported by Grdina and Gordeeva(l6)for 
4 the same system, but using an inductor frequency of 10 c.p.s. 
8.7. ａｂｎｏｾｾ＠ SURFACE ｝ｔｨｾｆｅｃｔｓ＠
These are observed in the gas/solid series of experiments carried 
out at 2 Mcs. frequency at temperatures in excess of 1100°Co 
It is evident from the previous discussion that abnormal 
conditions prevail near the surface of the specimens. The energy input 
available to the specimens, except for the heating-up period, was the same 
as that of specimens treated at lower frequency since the generator 
setting was adjusted in such a manner as to maintain identical temperature 
in both cases, and this was attained in a relatively short time. 
If we calculate the effective depth of current concentration, d, 
in an iron specimen using the expre-ssion 
)( 
ｔｾ＠ loe-(f 
•••••••• (22) 
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where x is the distance from the surface, we find that d, defined as the 
distance from the surface at which the current density is 1/. I , i.e., 
e o 
approximately 37"/o of I , the current density at the surface, has the following 
0 
approximate values in all cases. 
At 1200°C d = 600 microns for 0.5 Mcs. frequency 
d = 300 microns for 2 Mcs. frequency 
These values of d are obtained using equation 
(23) 
where J is the resistivity of the material at the appropriate temperature ip 
microhms per em., ｾｩｳ＠ the relative permeability and f is the frequency of 
the R.F. generator in Mcs. 
The resistivity of iron at 1200°C is approximately 120 ｭｩ｣ｲｯｨｭｳＺ Ｖ ｻｾ･ｲ＠
em. Permeability above the Curie point can be approximated to unity. 
The addition of chromium to iron in the range 10 - 40% increases the 
(6?) 
resistivity to &pproximately 120-140 microhms per em. at that ｴ･ｭｰ･ｲ｡ｴｵｲ･ｾ＠ • 
The diffusion layer would therefore tend to increase slightly the depth of 
current concentration in the course of the diffusion process, but only by a 
small factor. 
At 1200°C the resistivity of chromium is also of the order of 
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86-90 ｭｩ｣ｲｯｨｾｳ＠ per.cmo so ｾｨ｡ｴ＠ the change in composition from the surface 
inwards does not ｳ･ｾｩｯｵｳｬｾＭ affect the current density gradient in the 
· (68 )s· ·1 d·t· ·1 t t t f l,,oooc lth h ｳｰ･｣ｾ＠ men. Ｑｭｾ＠ ar con ｾ＠ 1ons preva1 a a empera ure o ..1.: , a oug 
the depth of current concentration is reduced. 
From the above considerations it is apparent that in all cases the 
depth of current concentration is greater than the observed depth of the 
diffusion zone. As a result, it might be concluded that conditions at the 
higher frequency are not much different from those at the lo\,.rer range. 
However, it must be borne in mind that the depth of current concentration 
or skin depth, as defined, refers to a percentage value of the current denstty 
at the surface for the particular frequency and tenwerature and has, 
therefore, no absolute significance. 
This can be illustrated by plotting typical curves for I against x 
at 0.5 and 2 Mcs., (Fig.32 ). Arbitrary values of I have been given for 
0 
two frequencies, I for 2 Mcs. being given an appropriately higher value than 
0 
the corresponding surface current density at 0.5 Mcs. The respective values 
of d at 0.5 Mcs. and at 2 Mcs. are shown to correspond to 600 and 300 
microns respectively. The intersection of the two exponential curves 
occurs at a point _considerably nearer the surface, between 100 and 150 
microns. At distances of less than 150 microns from the surface, the 
current density at 2 Mcs. is increasingly greater than at 0.5 Mcs. and, at a 
depth of approximately 75 microns, it is consistently higher than I for the 
0 
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lower ｦｲ･ｱｵ･ｮ｣ｹｾ＠
In terms of power input near the surface of ｾｨ･＠ specimens, similar 
graphical representation will show that the energy concentration follows a 
s·imilar pattern. The energy concentration in function of distance from the 
surface can be represented by an expression of the form 
E2 E2o -2x (24) = . e b •••e•••• 
where E is the energy at distance x from the surface and E is the energy at 
0 
the surface. In this case the respective values of ｾ＠ are half those 
corresponding to the depth of current concentration d. 
The intense energy concentration in the first 100 microns or so from 
the surface evidently creates conditions which contribute to a greater 
mobility of substitutional atoms. 
It follows from the previous discussion that vvhenever a high-
frequency induced current is used for hGating purposes, a temperature 
gradient is set up, the intensity of which depends on the frequency of the 
inducto-r coil. In order to account for a non-steady temperature condition, 
an ｡､､ｩｴｾｯｮ｡ｬ＠ term which incorporates the temperature gradient must be 
added to ｆｓｾ｣ｫＧ＠ s first law. 
Thus 
J, 0 ••••••• (25) 
L--------------------------------------------------------------------------- -- ---- -- . I 
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represents the total diffusion flux. The coefficienttd, assumed to be J.Jt . 
independent of dT, is proportional to D1 and it is usual to take 
dx ft, = (n\ ｑｾ ﾷ ｣ＬｪｒｔｾＩ＠
Thus, the flux equation becomes 
J Ｍ Ｍｄ ｾ Ｎ Ｌ＠ (' ｾ＠ 07c.. dT) I = - I & .X. -t- --RT""i 'J:X . ｾＮ＠ Q ••••• (26) 
The term ｑｾＬ＠ which denotes the sign and magnitude of the thermal diffusion 
(69 7C 71) 
effect is called the "heat of transport" of component 1 ' ' • 
So far, the value of ｑｾ＠ has only been estimated for two interstitial 
d . ff . t ｾ＠ b . 1 h . (?2 ) d l d . ｾ＠ us1on sys ems, ｮ｡ｭ･ｾｹＬ＠ car on 1n a p ｡Ｍｾｲｯｮ＠ an 1y rogen 1n 
(73) (74) . . 
alpha and beta ｺｾｲ｣ｯｮＱｵｭＮ＠
The absence of data on the trheat of transport" term for substitutional 
diffusion systems precludes any quantitative discussion of the contribation 
o:f the thermal diffusion effect in the present case. 
The driving force ･ｸ･ｲｴ･ｾ＠ by the temperature gradi6nt on each solute 
Q* I dT; dT/ atom, - 1 T . dx is proportional to the dx term, irrespective of the 
precise value of Q* 1 , so that the effect of thermal diffusion on the over-
all migration of the diffusion boundary depends on the slope of the 
temperature gradient within the diffusion zone. 
In the present experiments, the slope of the temperature gradients for 
the two frequency levels are related, qualitatively at least, to the current 
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density curves shown in Fig. 32 • The initial slope of the temperature 
gradients will be reduced gradually due to the effect of thermal conductivity 
which will result eventually in a condition of near thermal equilibrium. 
However, the temperature gradient generated at any time near the 
specimen surface by a 2 Mos. inductor is appreciably greater than that 
produced at a frequency of 0.5 Mos. and, in consequence, the contribution ､ｵｾ＠
to thermal diffusion should be increased. 
At 0.5 :tvlcs. frequency, and for the selected experimental conditions, 
the contribution dLte to thermal diffusion appears to be too small to affect 
the normal diffusion pattern. Although diffusion rntes are greater than in 
｣ ｾＩ ｮｴｲｯｬ＠ experiments, the calculated apparent energies of activation are in 
line with the values obtained with control specimens. If, in this ｩｮｳｴ｡ｮ｣･ｾ＠
thermal diffusion played a major part in the kinetics of diffusion, this 
would be reflected by a change in the apparent .energy of activation due to 
the introduction of the tenn Q*l in the general diffusion equation. 
]'urthermore, the fact that at 2 Mcs frequency no abnormal increase in 
diffusion rate is observed at temperatures of 1000°C, or below, suggests that 
a minimum temperature ｧｲ｡､ｾｷ･ｮｴ＠ is required before thermal diffusion can play 
any significant part in this process. Some evidence in support of this 
remark is provided by the diffusion rates observed on control specimens which 
were rapidly heated in conventional tube furnaces; in all cases the 
calculated diffusion coefficients were only marginally larger than those 
---------------------------
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b d f . d d t d t t dit• <57) o serve or ｳｰ･｣ｾｭ･ｮｳ＠ processe un er s·ea y empera ure con ｾｯｮｳ＠ ｾ＠
It is clear that the critical temperature (1000°C), below which no 
abnormal surface effects were observed in tests at 2 Mcs frequency, is 
specific to the particular experimental conditions used in this work since 
the current density distribution required to attain a specified temperature 
in a given time depends on the volume and geometry of the specimen, on the 
frequency of the inductor and on the effectiveness of the induction coupling 
between coil and test-piece. 
A further consequence of the method of heating, particularly at the 
higher frequency range, is that the slope of the current density distribution 
from the surface inwards is affected by the pre-set temperature in so far as 
an increase in processing temperature requires a larger energy input to the 
specimen, ioe. a sharper temperature gradient. 
This accounts for the strong temperature dependence of the 
calculated diffusion coefficients for short treatments at ll00°C and 1200°C 
at 2 Mcs. frequency in the gas/solid system. 
Finally, the shallow depth at which the temperature gradient is 
effective accounts for the absence of abnormal diffusion rates in the solid/ 
solid system since the thickness of electrodeposited chromiwn was of the 
order of 150 microns, e.g., well in excess of the zone affected by the 
maximum current density. In addition, since the resistivities of pure 
chromium and pure iron are nearly identical at temperatures ranging from 
1000° to 1200°C, there is no likelihood of an abrupt change in the current 
density at the chromium-iron interface which could set up a temperature 
gradient some distance away from the surface. (see Appendix II). 
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9.. ｓｕｍｾｦｦｩｒｙ＠ ｦｵｾｄ＠ CONCLUSIONS 
9 .1. S dMiviARY OF .BXPERI MEN'r AL \r.JO RK 
Value:? of the diffusion coefficients of chromium into iron were 
ｯ｢ｴＺ］ｾｩ＠ ned hy meA.Rllrine: the retg o£ mleration at different temperatures of 
the ｾＭｹ＠ boundary corresponding to a concentration o:f ｡Ｎｰｰｲｯｸｩｭｾｴ･ｬｹ＠ 12;0 
chromium .. 
The specimens, prepared from ARMCO iron round bar stock, were 
cylinders l em diameter x 1 em height. 
For one series of ･ａｾ･ｲｩｭ･ｮｴｳ＠ the source of chromium was provided 
by an electrodeposited layer of 150 microns thickness. 
method). 
(Solid/solid 
All other experiments were carried out by reacting chromium bromide 
vapour with the surface of the ｳｰ･｣ｩｭ･ｮｳｾ＠ (Gas/solid method)o 
Two variations of this method were used : 
i. 'rhe specimens were in contact with a powder mixture containing 
chromium metal, a refractory "fillertt and ammonium bromide, the 
reaction taking place in situ. (Gas/solid, ｐｯｾｲ､･ｲＬ＠ ｭｾｴｨｯ､Ｉ＠ •. 
ii. A gas mixture containing hydrogen, argon and chromium bromide vapour 
was circulated around the specimens. (Gas/solid, Generator, method). 
For the control experiments, heating was effected in an electrical 
resistance tube furnace and, for all other ･ａｾ･ｲｩｭ･ｮｴｳＬ＠ by means of an 
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inductor coil, powered by a 3 Kw radio-frequency Generator, at two 
frequency levels, namely, 0.5 and 2 I1cse 
T'ests were conducted at three temperatures = 1000, 1100, ＱＲＰＰｾｃＮ＠
Accurate measurements of specimen temperature during induction 
heating presented practical difficulties ru1d required careful setting of the 
high-frequency generator, precise locating of the thermocouple junction in 
the specimen and good centring of the specimen assembly inside the inductor 
coil. 
The maximum time at temperature was 30 minutes. 
After treatment, the specimens were sectioned and measurements of 
· the depth of diffusion layer were taken. 
The average chromium content of the coating was obtained by chemical 
analysis of the chromium-rich shell remaining after dissolving the iron core 
in boiling nitric acid solution. 
In typical cases, the chromium concentration in function of distance 
from the surface was determined by successive analyses of thin layers 
removed by ｴｵｲｮｩｮｾＮ＠
For the gas-solid method, the relative contribution to the total 
chromium uptake due to interchange and reduction reactions was estimated 
from the change in weight of the S1)ecimen after treatment o 
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After applying the necessary corrections due to minor temperature 
fluctuations the diffusion coefficients corresponding to treatments at 
1000, 1100 and 1200°0, were calculated. vlhenever applicable, activation 
energies were estimated. 
9.2. GENERAL CONCLUSIONS 
a) All results on control specimens processed by solid/solid or gas/solid 
methods indicated that the rate of diffusion obtained for relatively 
short periods was only slightly larger than that quoted by other 
\vorkers for prolonged diffusion treatmentslt 
The diffusion coefficients calculated frotn experimental results 
were 
at 1000°C 0.34 X 10-9 2 em /sec. 
at 1100°C 2.03 to 2.17 X 10-9 2 em /sec. 
at 1200°C 8o71 to 8.80 X 10-9 2 em /sec. 
The activation energy \-las of the order of 56,500 cal/mole, i.e. 
in close agreement with other workers. 
b) For all experiments carried out by induction heating at a frequency 
level of 0.5 Mas., the diffusion rate was larger than that obtained 
on control specimens by a factor of approximately X5. 
--------------------------------------------- -
The calculated diffusion coefficients were as follows 
at l000°C 1.7 to 1,9 x 10-9 cm2/sec. 
at 1100°C 9.6 to 11.5 x 10-9 cm2/sec. 
at 1200°C 42 to 47.4 x 10-9 cm2/sec. 
The activation energy ranged from 57,300 cal/mole ｴｾ＠ 58,100 
cal/mole according to the method of treatment. 
c) Results obtained on specimens processed at 2 Mas frequency fell within 
two distinct groups 
i) For specimens of the solid/solid series, the calculated diffusion 
coefficients were as follows : 
at ｬｏｏｏｾｃ＠
at 1200°C 
2.3 x 10-9 cm2/sec, 
12.1 x 10-9 ｣ｭ Ｒ Ｏｳ･｣ｾ＠
51.1 x 10-9 cm2/sec. 
The activation energy was 57,850 cal/mole. 
These figures are comparable to those obt9ined with specimens 
treated at 0.5 Mcs. 
ii) For specimens of the gas/solid series, the corresponding diffusion 
coefficients were : 
2.5 x 10-9 cm2/sec. 
from 20.3 (short treatments) to 14.1 x 10-9 cm2/sec. 
(long treatments) 
148. 
at l200°C from 117.4 (short treatments) to 54.8 x 10-9 cm2/sec. 
(long treatments). 
The activation energy calculated from the values of diffusion 
coefficients for long treatments ranged from 56,700 to 57,100 cal/mole. 
The apparent activation energy for short treatments was of the order 
of 66,000 cal/mole, i.e. appreciably larger than for any other series of 
experiments. 
d) With the exception of tests carried out at 2 Mcs by the gas/solid method, 
the diffusion rate calculated from specimens heated by ｩｮ､ｾ｣ｴｩｯｮ＠ was 
approximately five times that observed in the control specimens. The 
depth of diffusion-versus-time ｣ｾｲｶ･ｳ＠ ｾ ﾷ ｨｾｷ･､＠ a parabolic relationship, 
following a conventional diffusion pattern. Since there was no 
significant change in the activation energy, such an increase in the 
value of D could only be accounted for by an equivalent increase in the 
value of the frequency factor D0 • 
The mechanism of substitutional diffusion dep0nding on the number of 
vacant sites available for solute atom jumps, a possible explanation 
was that the ｣ｹｾｬｩ｣＠ thermal stresses produced by the induction current 
could activate the formation of point defects. 
e) Using ｾＱｯｴｴＧ＠ s approximate relation bet\veen very small strains and 
concentration of defects in metals, and substituting experimental figures 
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for the general parameters, it appeared possible that cyclic stresses 
oscilla·ting at a frequency of the order of 1 Ivies. could produce a 
faster rate of vacant site formation from dislocation jogs. It \-Jas 
probable that the frequency range over which such a mechanism could 
operate was relatively large since all types of line defects could 
contribute to this end., and a tolerance of the order of six ordex·cl of 
magnitude in frequency would not be unreasonable (103 to 109 c •PoS•). 
f) This proposed explanation could not account for the abnormally high 
diffusion rates observed in specimens processed at 2 Mcs frequency by 
the gas/solid method, particularly at temperatures in excess of 1000°C. 
Comparison of current densities induced at high temperature on iron 
specimens processed at 0.5 and 2 Mcs indicated that, at the higher 
frequency, an intense current concentration (in relation to conditions 
at 0.5 Mcs) prevailed in the first 50 to 100 microns from the surface. 
Thus, a strong temperature gradient set up within the growing diffusion 
layer which increased the value of the apparent diffusion coefficient 
during the early stages of the process. Some further evidence in favour 
of the above explanation was provided by the absence of this effect in 
specimens of the solid/solid series; in this case, the temperature 
gradient would be confined to the electrodeposited chromium layer and 
would not materially affect the diffusion process taking place further 
｡ｷｾｹ＠ from the surface. 
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g) Finally, although larger values of chromimn uptake were obtained when 
induction heating was used, this effect could be accounted for by the 
increased diffusion rates ob::;erved in these s:pecimenso There was no 
evidence that induction heating "per se 11 had arry influence on the 
kinetics of the deposition reaction from the gas phase, at least, ｷｩｴｨｩｾ＠
the frequency range and experimental conditions reported in this work. 
9o3• SUGGESTIONS FOR FURTHER RESEARCHo 
The present research was confined to the system iron-chromium and, 
in order to standardise experimental conditions, only one R.F. Generator 
was used. As a result, there were severe limitations to the available 
frequency range, namely, from 0.5 to 2 Mos. 
Although results might not be strictly comparative, similar 
experiments could be conducted at A l.O'.;'Gr .fl.·eqnG:ncy level, 0.01 to 0 a05 Mcs. 
using a ｲｯｴＡｬｾﾷｹ＠ lndur.t; nn gon.aratvr, and at 5 to 10 Nos. using a modern valve 
gt:nera.tor of the zone-refining type. 
However, it is probable that considerable difficulty would be 
experienced with tests carried out at the higher frequencies due to the 
thermal gradient effect which is already in evidence at 2 Mos. 
The selection of the system iron-chromium was guided by the relative 
simplicity of interpretation of results due to the existence of a boundary 
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at near-constant chromium concentration over a temperature range of over 
The use of an electron-probG microanalyser, allowing for accurate 
determination of concentration gradients, would make it possible to extend 
such investigations to many other systems \vhere chemical analyses of thin 
layers are either unpractical or unnecessarily laborious. 
ｾﾷＭｬｩｴｨ＠ regard to the experimental methods, there are many difficulties 
arising out of the use of indnct:i.on heating. On the practical side, the 
problem of accurate temperature measurement is associated with careful 
standardisation of specimen geometry, location of thermoc0uple, coil 
specification and generator setting. As a result, there is little 
flexibility possible for modifications of processing techniques whilst 
maintaining comparable conditions in other respects. Furthermore, if, as 
is suggested in tbe present work, the effect of induction heating on 
diffusion rate is associated with cyclic thermally induced stresses, there 
is no simple method available to distinguish between the relative contribution 
of energy used in raising and maintaining temperature of the specimen and 
that utilised to create micro-strains in the metal. 
It would, therefore, be of interest to control separately the 
sources of heat and of mechanical vibration. Such methods, applying sonic 
or ultra-sonic transduced vibrations to a specimen heated in a conventional 
tube furnace, have been already proposed and used for a few limited 
. t . t . ( 27 ' 28 ' 29 '30 '31 '32) lnves iga ions o 
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The attractive simplicity of these techniques is in part offset, 
for high temperature experiments, by the difficulty of measuring the 
effective stress applied to the specimen since the coupling transducer must 
of necessity go through a temperature gradient. However, the development 
of improved ceramics with near-constant elastic modulus over a wide range 
of temperatures could offer a possible solution for future investigations 
in this field. 
153. 
REFERENCES 
1. Huntington, H.B. and Seitz, F.; Phys. Rev., 1942, §1, 315, 325. 
2. Wert, C. and Zener, C.; Phys. Rev., 1949, (ii), Z§, 1169. 
Ｓｾ＠ Zener, C.; Chapter XI in "Imperfections in nearly perfect Crysta1e'1 
(Ed. W. Shockley), Wiley, 1952. Also, Chapman & Hall, London, 1952. 
4. Buffington, F. S. and Cohen, M. ; Acta Iviet. , l954, £, 660. Also 
Trans • Amer. Inst • ｾＱ･ｴ＠ • Eng. , 1952, ＱＹｾ ﾷ Ｌ＠ 8 59 • 
5. Lee, C.H., and :tvladdin, R.; New York Ivleeting, A.I.N.E., 1958. 
6. Zener, C.; "Elasticity and Anelasticity of lvietals", 1948, 
Chicago (University Press). 
7. Berghout, c. W.; "La Diffusion dans les ｩｖｉｾｴ｡ｵｸＢＬ＠ Cleaver-Hume 
Press Ltd., London, 1957, 113. 
8. Meyer, V. and Eilander, W.; Archiv.fur des Eisenhutt.,l932, §, 241·, 
9. Hahoux, G.; Comptes Rendus. 1930, {6), 191, 1328. 
10. Schenk, H. and Schmidtmann, E.; Archiv. fur des Eisenhutt.,l954, 
11/12, 579. 
11. Lvo:v, F.K.; Nauch. Dok. Vyssh. Shkoly. Metall., Jan/March, 1959, 
203. Also lVIetalloved, i.Obra, Metallov, 1959, ｾＧ＠ 8. 
12. Samuel, R.L.; British Pat. No. 781,594. (Oct. 1954). 
13. Samuel, R.L. ｾ｡ｮ､＠ Lockington, N_A.; Internal Report to Diffusion 
Alloys ｌｴ､Ｎｾ＠ October 1954. 
14. Lockington, N.A.; Metal Treat. & Drop Forging, 1957, ｾＧ＠ 29. 
15. Minkovich, A.N. and Ulybin, G.N.; Metalloved.i Obrao Metallov., 
1959' !t, 48. 
154. 
16. Grdina, Yu. V. and Gordeeva, L.T.; Izvo ｖｵｺｾ＠ Chern. ｉｶｩ･ｴ｡ｬｩｾ＠ ｾ＠
1959, z, 97. 
17. Hoar, T.P. and Croom, E.i\.G.; J" Iron & Steel Inst., 1951, 169, 
101-107. 
18. Assonov, A.D., ·Shepelyakovskii, K-:Z• oand Lankin,· ｐｾａＮ［Ｌ＠ Vestn. .. 
Iviashinostroellya, 1954, ,J!!:, 6. 
19. Tarasov, A.M. and Stetsenko, B.A.; ibid. 1954, ｾｾ＠ 7. 
20. Rusin, P .I.; Hetalloved. i Obra. Metallov •. 1958 (March), 3. 
21t Kuznetsov, B.A., ibid. 1958 (February), 2. 
22. Kidin, I.N., Astafeva, E.V. and Marshalkin, A.N.; 
(September), 8. 
ibid. 1958 
23. Kidin, I.N.; Proizv. i Obrao Stali. Metallurgizdat, 1938, 
Moscow, 405. 
24. Lvov, G.K.; Metallov. i Obra. Metallov., 1959, ｾＬ＠ Be 
25. Ermakov, V .s., ibid. 1959, !±,, 14. 
26. Vasilev, M.M. and Polishchuk, A.P.; ibid. 1959, ｾＧ＠ 55. 
27. Kushta., A.P. and Strongin, B.A .. ; ｆｩｾＮ＠ Metall. i t·1etalloved,, 
1957 (i), 2· 187. 
28. Popov, B. Ye, Kovtun, S.F. and Amonenko, V.Ivi •• ; Fiz. Metall. i 
Metalloved, 1960 (6), 1Q, 853. 
29. Grasben, R.I., Polyakov, L.M. and Malik, G.N.; Fiz. Metall. i 
ｍ･ｴ｡ｬｬｯｶ･､ｾ＠ 1960 (4), 1Q, 590. 
30. Pogodin-Alekseev, G.I.; Metalloved.·i Obra Metallov., 1958, 2, 14. 
31. Ermakov, v.s. and Al'ftan, E.A.; Metalloved. i Obra. Metallov., 
1958, z, 22. 
32. Blaha, F. and Langeneker, B,; Aota Met., 1959, z, 93. 
33. Achter, H.R. and Smoluchowski, R.; J. Appl. ｐｨｹｳｩ｣ｳｾ＠ 1951, ｾｾＧ＠ 1260. 
34. Langmuir, ｉ ﾷ ｾＬ＠ ,J .• :B,ranklin Inst., 1934, 217, 543. 
35. Lacombe, P,; rtta diffusion dans les metaux". Cleaver-Hume Press 
Ltd., London, 1957. 23o 
36. Snavely, C.A., '11rans. Electrochem. Soc., 1947, 92, 537. 
37. Kelley, F .c,; U.S. ,tJatent 1, 365., 499. . 
38. Kelley, F.C,; Trans. Am, E1ectrochem Soc., 1923, ｾＧ＠ 351. 
39 o Laiss -lS, L. , Revu.e de Metallurgie, 1926, ｾＬ＠ 155 _,. 
4o. lVlarshall, L.H.; U.s • . ｐ｡ｴ･ｮｾ＠ ＱＬ＿ＵＳＬＳＶＹｾ＠ (1932) • 
41. Ho\ve, GoH,; Brit. ｐ｡ｴｾＮｮＺｴｴ＠ .363.;954. (1930) o 
42. Hertel, E, and Becker, G,; British Patent 440,641. 
43. Becker, G, and Steinberg, F,; British Patent 492,52lo 
ｌｾＴＭＮ＠ Becker, G, Daeves, K, and Steinberg, F, ; Stahl und Eisen, ＱＹｌｾＱＬ＠g, 289. 
45. Samuel, RC)L.; British Patent 572,703. 
46. Samuel, R.L.; British Patent ＶｌｾＬＶＳＷＮ＠
47. Sat11uel, R.L. · and Lockington, ｎﾷｾａＮ［＠ British Patent ｾＴＶＬＶＴＱＮ＠
48a Samuel, R.L.; British Patent 646,638o 
49o Samuel, R.Lo and Lockington, N.A.; British Patent 656,734a 
50. Dorner, H.; British Patent 812,301. 
51. .Samuel, R.La; British Patent ａｰｰｬｩ｣｡ｴｾＮｯｮｳ＠ 10476/58 and 10477/58. 
52o Samuel, R.L. and Lockington, N.A.; British Patent Applications 
10839/58 and 18347/58. 
53e Galmiche, P; Revue de Hetallurgie, 1950, 4'l, ＱＹＲ･ｾ＠
54. Wagner, C. ru1d Stein, V.; Zeitschrift fur Physika1ische Chemie, 
1943, ｾＧ＠ 129-156. 
55. Hoar, T.P. and Croom, E.A.G.; .A.ustralas. ｅｮｾ＠ ... ', December 1950, 
56-59. 
56. Hoar, T.P. and Croom, E.A.G.; J. Iron & Steel Inst., 1951, 169, 101. 
57. Samuel, R.L. and Lockington, N oA.; Neta1 Treatm. & Drop Forging, 
1951, 18, 354, 4o7. 
58. Galmiche, P.; La Recherche .1\.eronautique, 1950, 1!±, 55-63. 
59. Becker, G, Daeves, K. and Steinberg, F.; z. Ver. ､ｾ ｟ ｾＢＡ［ Ｌ＠ •. -Ing., 1941, 
ｾＲＬ＠ 161. 
60. Samuel, R.Lo; Murex Review, 1958, 1, 16. 
61. 1'1a1amand, F.; Comptes Rendus Ac. des Sciences, 1951, 232, 236. 
Also, La Recherche Aeronautique, 1951, 22, 27. 
62c Gorbunov, N.S.; 0 Diffuse Coatings on Iron & Steelu, Chapter III, 
Israel Program for Scientific Translation, Jerusalem, 1960. 
63. Samuel, R.L. and Lockington, N.Ao; Industrial Finishing, 1954, 6. 
64. Campbell, I.E., Barth, VoD., Hoeckelman, R.F. and Gonser, B.VJ.; 
Trans. Electrochemo Soc., 1949, 96, 262-273o 
65. Mott, N.J!o; Phil. Hag,, 1952, .i2., 1151. 
66. Mason, tvoP.; ｂ･ｾｬ＠ Syst. Techn. J., 1955, 34, 903. 
National Physical Laboratory; 
of Steels", Part II. 
r"I'he Physical Properties of a Series 
Iron & Steel Inst.(London) 1946. 
68. Grube, G. and Knabe, R.; Zo Elektrochem., 1936, :£, 793. 
157. 
69. Shewmon, P.G .. ; ffDiffusion in Solidsn, Chapter ｖｉｉｾ＠ IvicGraw Hill 
(New York), 1963. 
70. de Groot, S.R.; "Irreversible Thermodynamics", Chapter V. North 
Holland Publishing Cog, Amsterdam 1951. 
71. Denbigh, K.G.; "The Thermodynamics of the S·teady State", Methuen 
& Co., London, 1951. 
72. Shewmon, P. G.; Acta Met., 1960, .§ 11. 606. 
73. Sawatsky, A.; J. Nuclear Hat erial, 1960, _g, 32lo 
74. Droege, J.; Battelle ｾｉ･ｭｯｲｩ｡ｬ＠ Inst. Rept,, 1502. February, 196111 
158. 
APPENDIX I 
FREQUENCY ｍｅａｓｕｒｅｾｉｊｅｎｔ＠ S 
The frequency developed by the H.F. generator may vary according to 
the design of the inductor coil, the power output, the core effect of the 
specimen under test and the introduction of a subsidiary transformer in the 
circuit. 
A series of tests were carried out ' using a variety of coils and 
introducing changes in circuit and power output. 
Thirteen coils were tested (see identification list attached). 
The measuring instrwnent \vas a Redifon \.Vave-fvleter with interchangeable 
calibrated coils and charts; the instrument was placed 6 feet from the 
inductor coil and the frequency tuned until resonance was shown by maximum 
deflection of the milliammeter needle. 
The following results were obtained .-
I. Subsidiary transformer in circuit. 
Coil 1 760 Kilocycles 
Coils 2-13 circa. 500 Kilocycles 
ＨｾＺ＠ Sensitivity of measurements at frequency of less than 500 Kcs. 
was poor) 
159. 
II. No subsidiary transformer. (Direct tapping)o 
Coil 10 2,700 Kilocycles 
Coil 11 1,880 f1 
Coil 12 1,800 n 
Coil 13 1,900 if 
The introduction of an additional compensating coil in series with 
any of the above, gave results slightly lower; Coil 1, for example, gave a 
figure of approximately 730 ｋ｣ｳＮｾＮ＠ instead of 760 Kcs. 
There was no appreciable difference observed in frequency measurement 
when the po\ver output was increased from 0.5 Kw. to 3.0 Kw. The introduction 
of a steel i1core" in the coil had little or no effect on the frequency .. 
When the subsidiary transformer was used, nearly all coils, 
irrespective of diameter and number of turns, gave results of the order of 
500 Kilocycles. The only exception was Coil No.1 ( 0 pancake1t) which gave a 
measurably higher reading. 
In the absence of a subsidiary transformer, the frequency is 
markedly higher and there are large variations according to the diameter of 
the coil and the number of turnsd 
ｲＭＭﾷＭＭﾷﾷＭ ﾷ ＭｲﾷＭＭＭｾ ﾷ ｾＭ I 
Coil l T 1 
No. f ype Section 
ｾ ＭＭＭＭｾ＠ ----·· 1 
lApprox.Interna11 
Diameter 
No.of 
turns 
160. 
.-··1 
Appro;>c., 
Height 
........ ｟ ｾＱＭＬ＠ __ ｐ｟｡ｮ｟｣｟｡ｫ｟･ＭＭｴＭＭＭＭＭＳＭＯ｟Ｓ｟Ｒ｟Ｂ｟ｳ｟ｱ｟ｵ｟｡｟ｲ｟･ＭＭＭＱＱＭ ﾷ ＭＭＭＭＭＭＭＭＫＭＭｍＭＭＭｴＭＭＭｾ＠
2 
3 
ｾＭ
5 
6 
7 
8 
9 
10 
11 
12 
Round 
n 
If 
" 
" 
Horseshoe! 
Round l 
I 
I 
1/4" x 1/8" rectango 
5/32n square 
" 
" 
tt 
3/16" 
1/411 
" 
" 
tl 
If 
l/4H x 1/8" rectang. 
3/8" round 
3/8" " 
7/8'' 
7/8if 
1.1/8" 
l.l/8tt 
1.1/2" 
l.l/2ii 
2.3/4H 
3" 
2" 
10 
Ｖｾ＠
1 
2 
Ｓｾ＠
3.1/4" 
1.5/8H 
7/8'' 
1.3/8" 
1.5/8" 
1.5/8U 
2.1/2tt 
2.1/21! 
2" 
*13 I 11 i 3/8" II 
_____.__._, ___ ,_ .. _1 __ ·--..  -
I 31! 
___ ＲＮＱＯｾＭＭＭｾＭＭＳ｟Ｑ｟Ｍ ____ 2_.1_} __ Ｘ｟ＧＡｾ＠
* Coil No.l3 was used for all systematic 
tests and at both 0.5 and 2 Mcs 
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A P P E N D I X II 
HIGH ｆｒｅｑｕｅｉｾｃｙ＠ IfEATING 
I 
\:.. I E., 
i 
I 
Iu <:----------X ﾷＭＭＭＭＭｾＭＭ＾ｦｬｩｾ＠ I I, 
I j 
S-u ｾｾＭｾｾ＠ ﾷＭＭＭＭＭＭＭＭＭＭｾﾷ ﾷ ＭＭＭＭＭＭＭＭＭＭＭｾ＠ ＭＭＭＭＭＭＭＭＧＭｾ＠
Let E0 be the energy per second at the surface such that the current 
density at the surface is I 0 • The specific resistance of the material isjP· 
1. Justification of exnonential form of the energy distribution. 
Consider a unit square area of surface with a thin element ｾＬｸ＠ at 
distanc0 x from the surface where the current density is Io 
The current flowing through 6. x is then I bx, the resistance is 
The energy per second in any 
The total energy per second is E 0 = 
the current density is of the form E0 = b r2 0 J , where b is a constant 
162. 
depending on the way I is related to x. 
At distance x, from the surface, where the energy passing througq 
the layer is E, and the current density is I, we have 
is 
.f 2 
El = or,f •• - - • • ... • • .. • ' ﾷ ｾ＠ - • •- • A (3) 
The energy per second in the layer between the surface and plane x 
E .... El = 
0 
From (1) the energy used per second is 
ｦ ＺｸＮＭｉＭＺｦｾ＠ '""lP a.. A- ｾ＠ Eo --/:. 1 
ｾ＠ :X:= 0 
ｾ＠ - ... .. .... ... - .. ｾ ﾷ＠ - - -· .. . (5) 
If the two expressions (4) and (5) forE E, are equivalent, then 
0 
. 2 '! 
a function f (x) I_ I .. l and its integral are of the same form and f (x) is 
I 2 < 2 likely to be of exponentional form and negative since t I 0 • 
2 Such a function could be represented by I = 
｜ｾ･ｮ＠ x = o, I = I 
0 
2 
and Io 
From (4), (5) and (6), we have 
=A 
X 
....... ｾＮ＠
Ae B: and 
2. 
when x ---.>- -oo , I ｾｾＭＭｦ［＠
_;;<: 
therefore, r 2 = ｉｾ＠ e ?;. 
0 and s ｉｾｊ＠ = ｉｾ＠ e'J ' hence B = ｾ＠
and I = I ･ＮＭｾ＠ - - - · - - - - - ｾ＠ - ( 7) 0 -a 
?guations for current density and energy distribution. 
)( 
I= I e- d 
0 
Current density at distance x from surface 
comparing with equation (?), d = 2 b 
l. Energy per second through 1 c.w, at the surface = E 0 
" " " 
II plane at distance x 1 from surface 
" " 
in layer between surface and xt Eo ·- J:: l ::::::. 
d la (" .>:# 2 "X.t) 
3: To t - e T , j · 
3. Effect of resistivity of diffusion ｬ｡ｹ･ｾＮ＠
Consider a diffusion layer of thiclcness t , of specific resistance 
K1 , J being the specific resistance of the solvent metal. 
Since d is related to f by 
d ""- ｻ｜ｯｾｦ＠
2:rr . ｲｾ＠
diffusion layer is Kd. ·· 
, the equivalent value for the 
The energy through the diffusion layer from the surface to plane x, 
at boundary of solvent metal is 
Eo- E, = ｾｾ､＠ ＱＺ｜ｾＭ･ｾｾＩｊ＠
164. 
and the energy available at the boundary plane is 
l\ ' ｾ＠ :L t K3 cl I_.J. 1 • Et ..., ｾ＠ Io- .p e -IT - =- · t f ｾ＠ J ｾ＠ ｾ＠
If we consider the boundary as a new surface thl""OUgh which Et is 
passing, setting up a current of density Ic at the solvent metal surface, 
d. I;t K3cl 2 then - Et It: J --- - ｾ＠ tf 1- h 
Hence, the ratiorcurrent in solvent metal over current in diffusion 
layer, is Ic 
ｾＭ
ｊｾ＠ \:. 
At a distance x from the surface, the current density in the solvent 
metal is given by _ :x.-t 
I= Ic.e T 
It is therefore possible that considerable differences in current 
densities nught occur at the boundary between diffusion layer and solvent 
metal whenever the value of K is high. ｈｯｷ･ｶ･ｲｾ＠ in the case of 
chromirun-iron alloys and iron the specific resistances are nearly equal 
at temperatures ranging from 1000° to 1200°C, accordingly the value of K 
would be negligible and no current density change could be expected ｵｮｾ･ｲ＠
these conditions. 
A P P E N D I X III 
METHOD USSD FOR TEMPERk\TURE CALIBRATION ｔｅｓｔｓｾ＠
i. The calibration tests were carried out on standard Armco iron test-
pieces, the general arrangements being as follows :-
Coil No.l3 (see Appendix I) was fitted to the R.F. Generator. 
A 2'' 0 .D. transparent silica tube, 12" long, was placed axially in the 
coil in such a manner as to protrude some 3" below the lower end of the 
latter. 
The test specimen was fitted with t\vo separate platinum/platinum-
13%rhodium thermocouples. 
a) Thermocouple 1 was located at the centre of the specimen. 
b) Thermocouple 2 \vas made by \-Jelding the wires 2 mm apart half-
way up on the cylindrical surface of the speoimeno 
The specimen was then secured to its movable base block and 
carefully located at the centre of the inductor coil. 
The two thermocouples were connected with compensating leads to 
two identical 12" edgewise temperature indicators calibrated from 
0 to 1400°C. 
A "disappearing filament" type optical pyrometer was positioned 
so as to focus downwards on the specimen at an angle of approximately 
60° and at a distance of 12". An opaque porcelain tube was fitted at 
166. 
one end to the optical pyrometer, the other end resting against the 
transparent silica tube immediately above the coil. 
The pyrometer red screen was used in all cases. 
Emissivity E (red light) for oxidised iron was ｴｾｻ･ｮ＠ as 0.95 at 
1000°C, and 0.92 at 1200°C, corresponding to a required correction of 
ii Test Procedure 
ＭＭｾＭｾＮＮＮ［ＮＮＮＮ［ＮＮＮＮ［Ｎ［｟＠
The generator \vas set to maximum power output during the heating 
up period (from 60 to 100 seconds, depending on temperature required). 
On reaching the desired temperature as shown by the surface thermo-
couple indicator, the generator was regulated to a pre-determined 
setting, further minor adjustments being made by means of the fine-
control device. 
Readings for both thermocouples were made every 10 seconds during 
the rapid heating up period, and, thereafter, every 20 seconds, whilst 
readings of the optical pyrometer were ｴｾ｣･ｮ＠ every 20 seconds through-
out the test, from tl1e onset of nred heat"" 
Three operators were required for this type of test. 
iiio Calibration ｒ･ｳｵｬｴｾ＠
A separate calibration test was required for each temperature 
range (1000, 1100, 1200°C) and at each frequency level. 
The details given below refer to a calibration test at 1200°C 
nominal temperature and 2.0 Mcs. frequency. 
A slow stream of argon was fed into the upper end of the silica 
tube surrounding the specimen. This was not intended to prevent 
oxidation of the specimen, but mainly to limit the growth of the oxide 
film so as not to interfere with the welded junctions of che surface 
thermocouple. 
ｾｾ Ｍ _( .. ｳｭ･ｾｾ｣ﾷ＠ ＰｭｮｾＭ､ＭﾷｳＩＭＭ Ｍ ｾｩ＠ Indicator 1 t (control positioni I oc I 
I 10 I 20 
I 3o 
I 
40 
50 
60 
70 
80 
90 
Setting: 
I 
I 4 (coarse) 120 (fine) 
20 
40 
60 
80 
100 
120 
140 
160 
180 
300 
600 
1200 
1800 
450 
780 
840 
920 
970 
1020 
1080 
1140 
1175 
1205 
1210 
1205 
1200 
1205 
1205 
1200 
1200 
1205 
1200 
1205 
1200 
1205 
Indicator 2 
(surface) 
oc 
520 
830 
910 
960 
1010 
1060 
1115 
1175 
1215 
1220 
1215 
1205 
1210 
1215 
1215 
1205 
1210 
1215 
1210 
1215 
1210 
1215 
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·r ·- ---- .l. 
: Optical Pyrometer 
Jcorrected for emissivity}.. I oc I 
I t I I 
I i 
840 
970 
1065 
1180·. 
1215 
1210 
1210 
1215 
1220 
1215 
1205 
1205 
1210 
1205 
1210 
1205 
1210 
t 
I 
' 
t 
I 
l 
I 
The temperature calibration curves for this series of tests are 
given in Figs. Appendix III, a, b and o. 
The introduction of a molybdenum sheet susceptor and porcelain 
funnel around the specimen prevented the use of an optical pyrometer 
but did not affect the temperature relationship between centre and 
surface thermocouples. A somewhat higher power setting of the R.F. 
Generator was required in this case. 
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A P P E N D I X IV 
ａｐｐｒｏｘｉｾｾｔｉｏｎ＠ OF DEPTH OF DIFFUSION ZONE UNDER 
-.... .---ertr Ｇｴ＿Ｇｴｖ＾ｾ＠ ... 
CONDITIONS OF FLUCTUATING TFJvTJJERA.'rURE 
The approximation is valid only for relatively small temperature 
fluctuations of the order of + or -l0°C. 
It is assumed that the expression 
= 4Dt 
represents roughly the relation between diffusion depth time ru1d diffusion 
coefficient D, the latter depending only on temperature. 
At ｾｯｮｳｴ｡ｮｴ＠ temperature in the time interval (t2 - t 1 ), the 
increase in diffusion depth is given by 
:::: 
If the temperatures vary we can write 
where k1 is a factor depending on the temperature-time cycle up to time t 1 • 
For the time interval (t2 - t 1) 
= 
If we assume that the characterictics of the diffusion layer of 
given thicl{ness are independant of the temperature--time cycle of formation 
and if the temperature and, consequently, the diffusion coefficient in the 
time interval Ct2 - t 1 ) is substantially constant, then the increasing ､･ｰｴｾ＠
of diffusion is given by 
2 
-X 1 
::: 
and similarly for the next time interval 
2 
-X 2 = etc •• eoo• 
Adding and making the time intervals equal to t 
X 
n 
2 
::: 
If t is chosen to correspond to a temperature of approximately 
2 850°C, x1 can be neglected. 
In practice the values of D have been calculated from the straight 
line representing Log f) plotted against the reciprocal of absolute 
temperature. 
It is convenient to take t as 25 seconds so that the expression 
becomes 
2 
X = ｬｏｏｾｄ＠ . 
174. 
APPENDIX V 
TABLES OF EXP:8RIHEl'JirAL RESUI.JTS 
ＭｾＮＮＮ｟Ｍ -------
The experimental results relating to one of three sets of tests 
which were performed in the course of the present work are preE'ented in 
the accompanying Tables A to Ho 
It should be noted that when specimens are heated by induction 7 
the actual temperature average is often 5°0 above or below the nominal 
pre-set temperatureo In this case, the thickness of diffusion layer 
measured on the specimen (column 5) was subsequently corrected according 
to the procedure outlined in Section 7 ｲＮｊｾｾＮＬｬ｡＠
1?5 .. 
Solid/Solid System Control/1 
ﾷ ＭＭＭＭＭＭＭﾷＭＭＭＭＭＭﾷＭＭＭＭｾ＠
I 1 2 13 4 1 5 6 7: l ＭＭＭＭＫＭＭＭｾＭＭＭＭＭＭＭＭｴＭ , I I Specimen Nom. I Acto , Time at Diffusion t AvfJ Cro j ｃｨｲｯｭｩｵｾ＠
I Noo Tempo Tempo ｾ＠ Tempo Layer l Content I ｵｰﾷｾ｡ｫ･＠ : S/S/C °C °C Secso Thickness i of mg/cm2 I i ±. 2°C i (microns) I Coating H' 
r ｾＭＭＭＭＭＭＥ＠ __ __ L 1 1000 1000 _I 60 !. 2.? ! 
I • : i 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＫＭＭＭＭＭＭｾＭＭＭＭﾷＭＭＭＭｾﾷＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＴ＠
ｾＭＱＰＭＭｾＱｾＭＭＭＭＭＫＭＭＭＭＭｾＭＭＭＶ｟ｯｯ＠ __ ｾ＠ ____ 2_.2_o_o ___ ＫＫｬＭｾＭＭＭ ＲＶＮＰＭＭＭＫＭＭＭＭＭＭｾ＠
: 11 I ! 1200 30.6 i 27.2 
12 1800 37o5 ＲＹｾＴ＠
! 
13 ! 1200 ; 1200 60 I 14.8 Ｍｾ＠
ｾＭＭＭＭＭＭｾｾＭＭＭＭﾷＭＭＭｾＧＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＧＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭ
14 ! 180 25o0 24ol l ｲＭＭＭＭＭＭＭｾＭＭＭＭＭＭｷｾＡＭＭＭＭＭＭｾ＠
I 15 ｾ＠
ｾＭＭＭＭＭＭｾＭＭＭＭＭＭｾｩＭＭＭＭＭＭＫＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭＭ 1 I 
16 i 600 45o4 j 
l I 
300 
17 1200 64.5 26.3 
I I 
18 i 1 1800 ?8 •. 5 27.6 ｌ｟｟｟ＮＭＭＭＭＭｾｾＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭﾷｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
176. 
TABLE B Gas/Solid (Gen) System 'Jontro1/1 
.......... ... ﾷ ＭＭＭｾ｟ＮＮＮＮＮＮ｟ＮＮＮＮＮＮＮ｟ＮＮＮＮＮＮｾｾ＠ ... ＬｾＧｬｴｊｦ｟＠ .......... ｊｯｍｃ｡［ｾﾷｾｾＭＭＭｾ＠
l 1 1213 4 I 5 i 6 I 7 I ｲｓｰ･ｾｾｾ･ｮ＠ t ｾｾｾＺ［ＮＡ＠ ｾｾｾ［Ｌ＠ 1 ｔｾＺＺｰＺｴ＠ ! ｾｩｾＺ［ｯｮＭｲ＠ ｾﾣｾＺｾｾｴ＠ r ｃｾ［ｾＺＺｲ＠
I. G/S/C °C 1 oc. j Sees. Thickness of mg/ cm2 J + 2°C l (microns) Coating I ｾ＠ - 1 % i ｾＭﾷＭＭﾷＭＫＭＭＭＭｾＬＭＭＭ ,- --·---- I '· 
I l 1100 . 1100 l 60 7. 4 i ) 1 f i i I I Ｑ ｾＭＭＲＭＭＭＭＮＮＮＭＭＮＬＭＭＭ ＭＭＭｾｾｾＭＭＱＸ｟Ｐ｟ＬＮＮ｟｟｟Ｑ｟Ｔ｟ＮＮＮＮｯＳﾷＭＭｾｾＭＭＭＭ ﾷｲＭｾ＠ ＭＭＭｾ＠Ｎ ＭＭＭＭＭＭＭＭ［ＭＭＭＭＭＭＺＭｾＭ ＭＭＭＭＭＭＭＭＭＭＭｔＧＭＭＭＭＭｾｾＭＭＭＭＭＱ＠
; 3 ; 300 16 .s - 1 1 
ＱＮ ﾷ ＭＭＭＭＫＭＭＭＭＭＭｴＭＭＭＭＭｩＧＭＭＭＭＭｲＭＭＭＭＭＭｾＬＮｊｴＭＭＭＭＭｲＬＮＮＭＭＭＭＭﾷＧＢＧﾷ＠
i 4 i 600 24.0 l 25.0 ! 5.5 ! 
ｩＭＭＭｾＭＭＭＭｲＭＭﾷＭＭＱＭＭＭＭＭＭｬＭＭＭＭＭＭＭＭ［Ｍ ;._ t 
. I 5 1200 33.2 l I ｾ＠
I 6 I 1800 43.2 I 27.1 I 9.2 I 
I_2__L 1200 i 1200 6o i 14.91 1 1 ｾＸｾＬＬＭＭＭＲｾＶＭＮＭＳＭＭｾｬＮ＠ - I I 
t ·-----1 Ｑ ｟｟｟｟ＮＺ｟｟ｾＭＭＭｩＭＭＭＭＭＭｴＭＭＭＭＳＭＰＰ＠ 1 Ｍ［ｾｾＭＭＲＳＭＭＮＭＱＭｬＭ 6.9 ｾ＠
! 10 600 ｌｾｂ＠ .1 I I I 
ｾＭＭＭｬｬＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾ ﾷ ＭＭＭＭｬＭＲｯ｟ｯ＠ __ ｾ＠ __ 6_7_e_3 ＭＭｾＭＭＲ｟Ｔ｟Ｎ｟ｯ＠ __ ｾ｟ｬ｟Ｔ｟Ｎ｟Ｒ＠ ___ i
8 
12 1800 83.0 25o6 18.3 
ﾷＭＭＭＭＭＭﾷＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭ ＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ
TABLE C Solid/Solid System 
2 
ｾﾷ＠
3 
I 4 I 
l 5 
r 6 
7 1100 
8 
9 
I 10 
.I 
f 11 
' 
12 
I 13 ｾＭＭＭＭＭＭＭＫＭＭＭＧ＠ 1200 
14 
15 
I 16 : 
I 17 
I 18 I 
!. 
177o 
Inductor Oo5 Mcs/1 
26.4 
23.8 
24.1 
26.1 
21.1 I 
24.5 
l 
- f 
. j 
11.1 : 1 
14.o · 1 
I 
8.1 
i + 
l 
··-,__ 
178. 
TABLE D Gus/Solid (Powder) System Inductor 0.5Mcs/l 
3 6 7 
Chromium 
uptal:ce 
mg/cm2 
6 1000 1 1800 30.0 r 25.8 ﾷ ＭＷｾｾＱＭｗｏｾＭＭｬｗＭＵｾＬＭＭＶＭＰＭｾＭＭｾｾＭｾＭＷｾｾ＠ ＭＭＭＭｾｾＭＭＭＭｾｾ＠
8 1105 r180 25.1 , ! , 
ｬＭＭＭＹＭＭＭＭｾＬｾＭＭＭＭｾＬＭＭＭＱＭＰＭＹＵＭＭＫＬＭ ＳＰﾷＰＭＭＭｾｬＭＭＭＲＭＹＭＮＸＭＭＭｾＭＭｾＲＭＲＭＮＰＭＭＫＭＭＭＵＭＮＹＭＭｾＬ＠
I 10 i I 1100 I 600 I ＴＱｾＮＶ＠ . I ＱＭＭＭＭｾＡＭＭＭｾＭＭＬ＠ ＭＭＭＮＮＭｴＭＬＭＭＭｾＭｩＭＭＭＭＭＭＭＫＭＭＭｲＭＱＭ｟｟｟ＬＮｴ＠
1. 11 1 1095 1 12oo 54o9 22.5 l s.2 
ｾＱＭＲｾｾｾｾＭＭｾｾｾＭｲｯＭｧｾＫｊｉｾｬＭｂｯ｟ｯ＠ __ ｾｬｾｮｾ＠ 1 ｾＮＸ＠ I 
ｾ＠ 1 1200 1 1205 60 ﾷｔＭﾷＲＹｾ＠ 1 
14 ＭＭｴｬＭＭｾＰＰ＠ 1 180 1 48.6 1 21.6 1 
11.6 
15 
16 
17 
18 
; 
i 
I i 1205 1 300 i i 1195 I 600 I 86.3 I I I ｾ＠ 1200 1 ｾＹＭＮＭＰＭＭｴＬＭＭＭＭ［ＭＬＮ＠ -_ ｾ＠
l I I i 
t 1205 ,. 1800 ,. 158 Ｎｌｾ＠ I 22.9 I 23 8 , 
f I l • I 
TABLE E 
·opecJ..men , 
l No. I 
!G/S/G/0.5 
I 
2 l 
Nomo ! 
Temp. f 
oc 
Gas/Solid (Gen) System 
! 
3 i 
Act. 
Temp. 
oc 
h.vGrage 
4 t 
....pr 
Time at I 
Tempo I 
Sees, 
179o 
Inductor Oo5 Mcs/1 
ＭＭＭＭＭＭＭＫＱﾷＭＭＭＭＭＭｾＭＭＭＭＭＭＭｾ Ｎ ＭＭＭＭＭｾＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭｲＭＭＭＭＭＭＭＭｾ＠
1 1· 11oo 1105 6o 
ｾＭＭ｝＠ ----i--______ ___..,_ 
2 
I 
1100 180 22.8 
' 
i 
---·- I 
,- I 3 1095 f 300 I 28.8 I 2111'1 4.7 
---
I 
4 r I 1105 l 600 I 46uO I 21.8 t ?.4 l ! 
I I l l t ! 5 1105 I 1200 67.1 l 23.1 11.3 I 
6 I ｾｬｬｏｏ＠ I 1800 I 75.2 I 22.6 I 12.1 t 
== ' 
. l I ....,- l 7 1200 t 1205 60 t 30o2 
' 
t t t 
.. , 
I I 8 I 180 l 54.0 I 18.9 I ?.8 1205 I I 
I l - f I I 9 I 1200 I __ 300 64.2 I I J 
I lO I r 1 I 1 12.6 t 1195 600 89.1 i ＱＹｾＹ＠ l I ( 
E:=f· i ｾｾＵ＠ I ' ---- '---·-r- J I 138.1 t 19.4 20.7 I ' 1200 I t I --· ﾷ ｾ ＮＮＭＺ ｾ ＭＺＮＭＮＭｾ＠ -l-. I 18oo_L_ 156o5 I ; I 20.1 I ＲＳｾＷ＠1200 I _  J._ I 
180. 
TABLE F Solid/Solid System Inductor 2.0 Mcs/1 
l 
i 
I 
I 
ｾＭ
I 
I 
I 
I 
I 
.... 
I 
I 
I 
I 
I 
I 
ｾ＠ i 2 i 3 4 I --·-5 ,-- 6 7 I 
lspe::-en--ili--. _N_o_m_. ＭｾＺ＠ Act.-----:-rr-i-me-, Ｍ｡ＭｴＭ［ｲＭ［ｾｵｳｩｯｮ＠ r iw. Cr. Chromium II 
j Noo I Tempo Temp. Temp Layer Content uptake 
:s/S/2.0 , °C °C Bees., Thickness of I mg/cm2 1 I i Average I (microns) Co%ting ! . ··lr, 
I 1 I 1000 1005 ! 60 8 .. 2 I ,---... -__.;.tq-ＬＭＭＭＭＲＭＭＫＭＭＭＭＭｾＭＭｎＭＰＭＵＭＭｾｾＭＭＭＱＸＰｾＭＭＭＭＱＴ｟ｯ｟ｬＭｾＭＭｾＡＭＭＭＭＭＭＭＭＭ ﾷ ＫｩＭＭＭＭＭＭｾｩ＠
ＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭｲ ﾷ ＭＭＭＭ j ｾＭＭＭＭＭＭＭＭｾＪＭＭＭＭＭＭｾｾ＠
3 1005 1 300 1 19.6 1 
ＭＴＭ｟ＮＮＮＮＮ［ＭＭＭＭＭＭＭＬｾ＠ 995 I 600 I 20:;-126.8 
5 1000 I 1200 I -;4 .1 ｴＭＭＭ［［ＮＭＭＭｌｾＭＭＭＫＭＭ ... ---1 
-6-.......:-------+--1005 l 1800 ,- 4;:;-t-30:;-
1100 I 1100 r.o-1 ＱＷｾＭ［Ｍｾ＠
------, -1 ｾ＠
_s_ ...... l__ t- 1095 1 180 1 33.9 _I _ 
9 I I 1100 I 300 ｾＭｾＭｾ＠ ...... ＴＭﾷＮＴＭｾＭＭＭＭＭｴ＠10_1__ I 1105 I 600 I 58.0 I 
ＭｬｬＭＭＫｾＭＭＭ ...... l-j-no5 t 1200 j 82.3 ｾＭＭ［［ＮＱ＠
,- I 1105 ! 1800 I 94.1 I 28.4 
-13-r 1200 I 1205 I 60 i ｾＮＭ［ＮｾＭＭＭＭｾＭＭＭＭＭＭＭｾ＠
--11-+--+-- ＭＬＭＭＱＭＱＰＭｾｷ［ＭＭｾｾＭＭﾷﾷｾＸ［ＭＭＭｾ＠ ＭＭＭＭＶＭｩＭＺＭＲｾｾｾＭＲﾷＭＳＭＮＲＭ Ｎ ＧＭＭｾＭＭＭＭＭＭＭＭｬ＠
］］ＱＵ］ｾｾＺｾｾｾｾＭｾﾷｾＭｩＭｾＭＭＭ｟ ﾷ ＭＱｾＱ｟ＹＭＭＵｾＭＭｾＭＭＭｾｾｾＭＭＭＭｾｾＳ｟ＰＭＭｾｾＭＭＭｾｾＱ＠ ｾＭＭＭｾｾＭＭＶＭｾＭＭＭＭＭＹｾｾＱＭＱ｟Ｍ｟ＭＭ｟ＭｾｾｾｾｾｾＺｾｾｾｾｾｾｾｾＭＭﾷ＠
16 j 1205 6oo n8. 1t I I 
17 r 1205 1200 150.0 2Lt.3 i . ＭＭｾｾｾＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾｾＭＭＭＭＭＭｲＭＭＭＭＭＭＭＭＧ＠ＱＸ ﾷ ＭＭｾＭＭＭＭＭＭＭｾＭＭＱ｟Ｒ｟ｯ｟ｯｾＭＭＭＭＱＸ｟ｯ｟ｯ＠ __ ｾＭＭＭＱｾＷ｟Ｘ｟ＮＶ＠ __ ｾ＠ __ 2_6_.5 __ ｾﾷＭＭＭＭＭＭＭＭｾｾ＠
*"'! 
i 
ｾＭ
! 
i 
1 
! 
I 
i 
I 
"""I ·--
I 
'l 
I 
l 
I 
-i 
I 
I 
I 
·I 
i 
I 
i 
7 
12 
181. 
TABLE G Gas/Solid (Powder) System Inductor 2o0 Mcs/1 
5 -r---T I 6 \ 7 
ＭＭＭＭｾｾｾＭ
1000 1000 60 8.3 
I 1005 ｾｌ＠
I 995 ! 
I 1000 
I 
I 1000 I 
180 I I 15.7 I 
• 
17.6 1 300 f 22.2 
600 I= 26.2] - : I I 1200 38.1 I 24.1 I 
' 
1 
I I 1800T -r .. 
, 
I 6 I ' ! 1005 46.6 25.1 I I l I 
I I i I I 7 1100 1105 60 21.7 t i 
I 
' 
! I 8 I 1105 180 36.9 t I i 
I - I 
_,_. 
-
ｾ＠ t 1100 300 I 44.2 21.0 I 6.3 l I i ) 
I 
10 I I 1095 600 I 59.0 t ! ; I r I 
' 
t 
11 1095 1200 75.1 22.6 11.7 I 
ｾ＠
14.1 
12.1 
198.3 21.2 
TABLE H 
I 1 l 
! ........ 
. } 
bpecimen I 
! NQe I 
p/S/G/2oOI 
I 
I 
2 
I 
Nom. j 
rremp" I 
oc I 
I 
Gas/Solid (Gen) System 
3 
il.ct. 
Temp. 
oc 
Average 
4 
Time at l 
Tempo I 
Sees. i 
l 
5 
l 
Diffusion l 
Layer l 
Thickness ! 
(microns) f 
182. 
Inductor 2.0 Mcs/1 
Av. Cr. j Chromium I 
Content 1 uptake '! 
of mg/cm2 I 
Coating 1 % ! l ｾＭＭｬＭＭＭＫｾＭＭｬＭｊｄＭＰＭＭｾＭＱＭＱＰＭＰＭＭｾＭＭＭＭＶＭＰＭＭｾＭＭＭＲＳＭＮＭＭＲｾ｜ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
ｾＭＭＭＭｾＡＭＭＭＭＭＭｾＭＭＭＭＭＭｾＭＭＭＭＭＭﾷＭＭＭＭﾷ＠ I 
1 1095 i 180 35.8 1 
't----3---;-1 ＭＭｾＭＱＭＱＰＭｯＭｔ＠ 30o i 49.3 ｾＭ
2 
19.7 
4 I 1105 I 600 T 65.9 I 
1 1105 1 1200 1 86.1 1 12.1 
I 6 1100 l 1800 99.7 l 
l 1200 I I 60 I .. ＭｾＭＭＭｾＭ I 7 1205 f 59o3 J I I I I 
., 
r I 8 
' 
1205 180 i 88.1 15.8 11.9 I ) , I l j r I . 96.2-, I 9 f I 1200 300 I I I =· I l I 17o1 I 10 ·I 1200 600 I 125.0 I 15.9 i 
21.2 -l I t I - · I I I 11 ' 1195 1200 163o8 16.8 I I r i j 12 l I 1205 I 1800 ｾＭ ｾｾｾＮＶ＠ i 17o3 I 24.9 
----------------- ------ -- - --- - ---- - - --
